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ABSTRACT
Over the past several decades the phenomenon of luminescence (divided into
fluorescence and phosphorescence) has received great attention in the field of biological science.
This quest has motivated scientists for a variety of applications, including fluorescence imaging.
Fluorescence microscopy techniques that provide unique advantages, such as high spatial
resolution and superior sensitivity, have been regarded as attractive tools in biophotonics. With
the progress of ultrafast laser sources, two-photon absorption (2PA), in which a molecule
absorbs two photons simultaneously, has opened possibilities of using it for various applications.
Two-photon fluorescence microscopy (2PFM), which affords deeper tissue penetration and
excellent three-dimensional (3D) images, is now being widely employed for bioimaging.
This dissertation focuses on the design, synthesis, and photophysical characterization of
new fluorophores, as well as desirable applications. Chapter 1 gives an account of a brief
introduction of luminescence and 2PA, as well as their utilities in biological applications. In
chapter 2, a series of new BODIPY derivatives are presented along with their comprehensive
linear and nonlinear characteristics. They exhibited excellent photophysical properties including
large extinction coefficients, high fluorescence quantum yields, good photostability, and
reasonable two-photon absorption cross sections. Two promising compounds were further
evaluated as NIR fluorescent probes in one-photon and two-photon fluorescence imaging.
Chapter 3 provides the design, synthesis, and photophysical characterization of two BODIPY
dyes. In order to assess the potential of using the dye as a fluorescent probe, Lysotracker Red, a
commercial lysosomal marker, was investigated for comparison purposes. The results indicate
that figure of merit of both compounds were three orders of magnitude higher than that of
iii

Lysotracker Red. With an eye towards applications, one of the compounds was encapsulated in
silica-based nanoparticles for in vitro and ex vivo one-photon and two-photon fluorescence
imaging, in which the surface of the nanoparticle was modified with RGD peptides for specific
targeting. The nanoprobe exhibited good biocompatibility and highly selective RGD-mediated
uptake in αVβ3 integrin-overexpressing cancers, while maintaining efficient fluorescence
quantum yield and high photostability. In chapter 4, the synthesis and photophysical properties
of a novel photosensitizer with heavy atoms (halogen) were presented. The dye exhibited low
fluorescence quantum yield, resulting in high singlet oxygen generation quantum yield. In vitro
photodynamic studies demonstrated that photosensitization of the agent can induce cellular
damage, subsequently leading to cell death by a necrotic cell death mechanism, supporting the
therapeutic potential of using the agent for photodynamic therapy.
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CHAPTER 1. INTRODUCTION
1.1 Background and Importance
Over the past several decades the phenomenon of luminescence (categorized by
fluorescence and phosphorescence) has received great attention in the field of biological science.
According to quantum theory, when matter consisting of molecules or atoms absorbs the energy
of a photon, an electron in matter is excited from the ground state to a higher energy state,
producing electronically-excited species. The electron in the excited state can rapidly return to
the ground state by the emission of light (luminescence).
The electronic energy states of a molecule, and transitions possible between them are
illustrated by the Jablonski diagram in Figure 1. Following light absorption, a molecule can be
excited from the singlet ground state (S0) to some higher singlet excited state (S1, S2, or Sn) and
generally relaxes to the lowest vibrational level of S1 through non-radiative internal conversion.
Consequently, it returns to S0 via one of several ways, e.g., fluorescence or non-radiative internal
conversion. Typically, transitions between states with the same spin multiplicity (e.g., S1 → S0)
are allowed, whereas transitions between two states of different spin multiplicity (e.g., S1 → T1)
are forbidden with a few exceptions. The transitions to triplet excited states may occur through
the process of intersystem crossing (ISC) by spin-orbit coupling. Subsequently, the molecule in
the T1 state can undergo secondary radiative relaxation called phosphorescence.
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Figure 1: Jablonski diagram.
Source: http://www.shsu.edu/chm_tgc/chemilumdir/JABLONSKI.html

In 1931, Maria Gӧppert-Mayer proposed the concept of two-photon absorption (2PA) in
her doctoral dissertation, in which a molecule absorbs two photons simultaneously (Figure 2(a)),
and was later awarded the Nobel Prize in Physics for this work.1 This concept had not been
demonstrated until the advent of the laser in the beginning of the 1960s because no real 2PA had
been observed with conventional light sources. Since 1961, when the first observation of 2PA
was reported,2 scientists and engineers have been inspired to study a new research area of
multiphoton spectroscopy.
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Figure 2: (a) Jablonski diagram for one-photon and two-photon excitation. (b) Localization of excitation
by one-photon excitation (380 nm, left beam) versus two-photon excitation (760 nm, right beam).
Source: http://www.setabiomedicals.com/two_photon_appl.php
http://chemistry.cos.ucf.edu/belfield/photophysics

The primary difference between one-photon absorption (1PA) and 2PA is that 2PA is a
nonlinear process in which it exhibits a quadratic dependence on the incident light intensity,
while 1PA has a linear relationship to the incident excitation. Also, given that the 2PA
wavelength can be twice the wavelength of 1PA, 2PA may occur in the far-red to near-infrared
(NIR) region. This range is known as the biological tissue transparency window (700−1000 nm).
In bioimaging applications, therefore, these characteristics afford a highly localized focal spot,
where there is reasonable probability of two photons being absorbed at the same time, deeper
light penetration as well as less photobleaching and reduced photodamage (Figure 2(b)).3 The
benefit of using 2PA can be evidenced by three-dimensional (3D) imaging of wound healing
tissue captured by two-photon fluorescence microscopy (2PFM) in Figure 3.
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Figure 3: Deep vascular imaging in wounds by two-photon fluorescence microscopy.
Source: http://dx.doi:10.1371/journal.pone.0067559

As cancer has become a great concern around the world, there have been substantial
research efforts in cancer diagnosis and therapy. One of the most significant problems associated
with conventional therapies, such as chemotherapy and radiotherapy, is that these therapies may
destroy healthy cells because of the lack of tumor specificity. As a result, photodynamic therapy
(PDT) has emerged as an alternative for the treatment of many cancers.4 As mentioned above,
certain molecules in the S1 state may undergo a spin conversion to the Tn state through the
process of intersystem crossing (ISC). By introducing heavy atoms (e.g., halogens), the
molecules can exhibit an internal heavy-atom effect, which enhances spin-orbit coupling and
consequently the efficiency of ISC.5 By combining these molecules with light and oxygen, the
light-activated photosensitizers transfer energy to surrounding oxygen molecules (3O2), resulting
in the formation of reactive oxygen species (ROS), such as singlet oxygen (1O2). The generated
ROS can induce cellular damage, leading to cell death by apoptotic and/or necrotic process.4, 6, 7
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1.2 Dissertation Statement
The main purpose of this dissertation is to address the information on the structure of
two-photon absorbing fluorophores and their linear/nonlinear photophysical properties for
biological applications. The phenomenon of two-photon absorption, since its first observation
with the development of ultrafast laser sources, brought about the motivation for developing new
two-photon absorbing materials, due to many advantages of using 2PA. Unlike 1PA, 2PA occurs
at a more highly localized spot, where there is reasonable probability of two-photons being
absorbed simultaneously. In addition, 2PA is proportional to the square of the incident intensity.
With these nonlinear characteristics, two-photon fluorescence microscopy can provide excellent
3D images and deeper penetration depth, along with reduced photodamage. Herein, several
organic molecules were designed and their photophysical properties were characterized,
depending on materials and applications. Finally, in vitro and/or ex vivo experiments were
conducted to demonstrate biophotonic potential.
1.3 Dissertation Outline
This dissertation is presented as follows: Chapter 1 provides the introduction of
luminescence and 2PA, followed by their uses in biological applications. In chapter 2, a series of
new BODIPY derivatives are introduced along with their comprehensive linear and nonlinear
characteristics. Two promising compounds were further evaluated as NIR fluorescent probes
using one-photon fluorescence microscopy (1PFM) and 2PFM. Chapter 3 renders an account of
the design, synthesis, and photophysical characterization of two BODIPY dyes. In order to assess
the potential as a subcellular-targetable probe, Lysotracker Red, a commercial lysosomal marker,

5

was investigated for comparison purposes. In the view of applications, one of the compounds
was encapsulated in silica-based nanoparticles (SiNPs) for in vitro and ex vivo 1PFM and 2PFM
bioimaging. In chapter 4, the synthesis and photophysical properties of a novel BODIPY-based
photosensitizer with halogen atoms were presented. In vitro photodynamic activities were
evaluated to further demonstrate the therapeutic potential of using the agent for PDT.
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CHAPTER 2. LONG-WAVELENGTH, PHOTOSTABLE, TWO-PHOTON
EXCITABLE AND SUBCELLULAR ORGANELLE-TARGETABLE
FLUORESCENT PROBES FOR BIOLOGICAL IMAGING
Reproduced with permission from: Xinfu Zhang, Yi Xiao, Jing Qi, Junle Qu, Bosung Kim,
Xiling Yue, and Kevin D. Belfield The Journal of Organic Chemistry 2013, 78 (18), 9153-9160.
Copyright 2013 American Chemical Society

2.1 Abstract
Near-infrared (NIR) fluorescent probes are increasingly popular in biological imaging
and sensing, as long-wavelength (650−900 nm) excitation and emission have the advantages of
minimum

photodamage,

deep

tissue

penetration,

and

minimum

interference

from

autofluorescence in living systems. Here, a series of long-wavelength BODIPY dyes SPC, DCSPC, DPC, and DC-DPC are synthesized conveniently and efficiently. They exhibit excellent
photophysical properties in far-red to NIR region, including large extinction coefficient, high
fluorescence quantum yield, good photostability, and reasonable two-photon absorption cross
section. Comparison of single-molecular imaging confirms that DPC is a much more efficient
and more photostable NIR fluorophore than commonly used Cy5. Also importantly, two kinds of
convenient functionalization sites have been reserved; the aryl iodide for organometallic
couplings and the terminal alkyne groups for click reactions. Further derivatives DC-SPC-PPh3
and DC-DPC-PPh3 exhibit specificity to localize in mitochondria and in lysosomes respectively.
Since their long-wavelength emission at ∼650 nm and ~740 nm respectively can efficiently
avoid the spectral crosstalk with other probes emitting in the visible light region, DC-SPC-PPh3
7

and DC-DPC-PPh3 will act as the standard colocalizing agents to estimate the other probes’
local distribution. The introduction of triphenylphosphonium (TPP) moieties mediates their
hydrophilic-lipophilic balance and makes DC-SPC-PPh3 and DC-DPC-PPh3 appropriate for
cell labeling. Particularly, DC-DPC-PPh3 with pH-independent fluorescence properties has
demonstrated its constant lysosomal targetability and strong NIR emission in lysosomes in spite
of the stimulant’s alkalization effect, which is more desirable than most of previous pH-sensitive
lysotrackers that lose their fluorescence or leave lysosomes when local pH rises. Superior
photostability, low cytotoxicity, and two-photon excitable property demonstrate our probes’
utilities for fluorescent imaging and sensing in cell biology.
2.2 Introduction
Near-infrared (NIR) fluorescent probes are increasingly popular in biological imaging
and sensing, as long-wavelength (650−900 nm) excitation and emission have the advantages of
minimum photodamage to biological samples, deep tissue penetration, and minimum
interference from background autofluorescence by biomolecules in the living systems.8,
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However, as compared to the large amount and widespread use of the probes in the UV-visible
region, the number of NIR probes is limited, and their practical applicability needs to be further
improved.
The development of NIR fluorescent probes encounters bottlenecks produced by the lack
of appropriate fluorophores. Up to now, the only common NIR fluorophores belong to cyanine
dyes, such as Cy5 and Cy7.10-12 Yet their photostability is unsatisfactory, and their fluorescence
quantum yields are suboptimal.13 Especially in real time imaging of living cells or tissues,
photostability is an important feature that defines fluorescence dyes. This situation urges a few
8

research groups, including ours, to search for novel ones.14-23 Recent examples include Sirhodamines,14,
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AZA-Bodipys,16-19 Changsha NIRs,20 and squaraines,23 etc. Even though

photophysical properties of these new NIR fluorophores are enhanced to some extent, most of
them have complex structures and involve tanglesome synthetic methodologies, which make
their further derivatization to obtain probes very difficult to achieve.
Currently, there is also an urgent demand to develop organelle-targetable NIR probes that
can be separable from the fluorescence windows of other probes emitting in the visible range.
Subcellular organelle-specific probes provide an advantageous way to collect accurate local
information from intracellular regions of interest. For this reason, a variety of organelle-specific
probes are being explored.24-26 Commercially available organelle-specific probes, such as the
Mitotrackers that stain mitochondria specifically, and Lysotrackers that localize in lysosomes,
have made the exploitation of other new specific probes easier, as they can act as colocalizing
agents in cell imaging. Unfortunately, almost all of these commercial trackers have absorption
and emission in the visible range (400−650 nm), which is also the spectrum range of most other
fluorescent probes. Sometimes, spectral crosstalk is so serious that the colocalization becomes
unreliable. Thus, new NIR organelle trackers will help in addressing this issue.
In this article, a series of new BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)
derivatives have been developed to overcome the problems during the development of NIR dyes
(Scheme 1). These fluorophores emit intensive far-red to near-infrared fluorescence, they are
photostable, and importantly they are easily prepared. Besides, two kinds of convenient
functionalization sites have been reserved; the aryl iodide for organometallic couplings and the
propargyl groups for click reactions. By attaching one or two triphenylphosphonium (TPP)
9

moieties to the above BODIPYs, we obtain positively charged probes, which specifically localize
in mitochondria or lysosomes.

Scheme 1: Synthetic procedures for SPC, DPC, DC-SPC, DC-DPC, DC-SPC-PPh3, and DC-DPCPPh3a.
a

Conditions: (a) Piperidine, acetic acid, toluene, reflux by using a Dean-Stark trap, 8 h. (b) Piperidine,
acetic acid, anhydrous magnesium perchlorate, toluene, reflux by using a Dean-Stark trap, 8 h. (c) (3Azidopropyl)-triphenylphosphonium bromide, DIPEA, CuSO4, sodium ascorbate, alcohol, H2O, toluene,
room temperature, overnight.
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2.3 Results and Discussion
2.3.1 Design and Synthesis of Long-Wavelength BODIPY Derivatives: SPC, DC-SPC, DPC, DCDPC
Long-wavelength and convenient derivative approaches are mainly considered during the
designing of these BODIPY dyes. Two strategies, extending π-conjugations27, 28 and forming
moderate ICT (Intramolecular Charge Transfer)29-32 structures, are general methods employed in
designing long-wavelength dyes. The former usually results in long-wavelength derivatives that
inherit the excellent optical properties from the BODIPY precursors, but in many cases it
requires superb synthetic skills; for example, much research has fused aromatic or heterocyclic
rings to the BODIPY core via relatively long synthetic routes.33, 34 The ICT strategy is very
effective in producing red shifts and is relatively easy to realize in synthesis. However, the
reported BODIPY derivatives of strong ICT character lose some of the typical characteristics of
the family. In highly polar media, a significant decrease in fluorescence intensity and broadening
in fluorescence spectra are observed.29, 35 According to our previous work, introduction of the
carbazole group to BODIPY core will optimize spectral properties.36, 37 It is a good choice that
combines the above two strategies, because of its aromaticity and moderate ICT strength. On the
other hand, the aryl iodide and the propargyl groups through carbazole are designed in BODIPY
dyes. These dyes can be further functionalized through organometallic couplings or click
reactions, which are important for NIR dyes to be applied.
As shown in Scheme 1, BODIPY dyes SPC, DPC, DC-SPC, and DC-DPC have been
synthesized efficiently and in high yield by the classical Knoevenagel condensation of 3,5dimethyl-BODIPY dyes with N-propargyl carbazole aldehyde. This strategy has been proven
11

efficient to extending π-conjugations by the research works of Rurack, Akkaya, and Ziessel,
etc.21, 22, 27-32 Knoevenagel reaction on the 3- and 5-methyl sites is in most cases high yielding
and can be carried out in large scale. Moreover, chlorines on 2,6-positions may increase the
electron density of the carbon atoms on 3,5-positions and then increase the condensation
reactivity.38 Thus, two parent BODIPY dyes are used, one of which, DC-BDP, is
chlorosubstituent on the 2,6-positions. Knoevenagel condensation of DC-BDP proceeded more
efficiently than that of BDP. In general, DPC and DC-DPC, the products of twice condensations,
show satisfactory isolated yields of 75% and 80%, respectively. The monocondensations are also
readily controllable by adjusting the mole ratio and stopping the reaction at a proper time to get
SPC or DC-SPC with optimized yields of about 35%. Restricted by tanglesome synthetic
methodologies, rarely new NIR fluorescent dyes have been further applied in medical analysis.
Here, provision of larger quantities will not be a bottleneck for further applications of these
BODIPY dyes. DC-SPC and DC-DPC are facilely functionalized via click chemistry into DCSPC-PPh3 and DC-DPC-PPh3, respectively, which possess the enhanced solubility in polar
solvents

and

maintain

similar

photophysical

properties.

The

introduction

of

triphenylphosphonium (TPP) moieties mediates their hydrophilic-lipophilic balance and makes
DC-SPC-PPh3 and DC-DPC-PPh3 appropriate for cell labeling. All imaging experiments are
carried out following the regular operation without worrying about its solubility in biological
media.
2.3.2 Fundamental Optical Properties and Photostability
These NIR dyes have been qualified for biological imaging by their outstanding optical
characteristics. The normalized absorption and emission spectra in chloroform are recorded in
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Figure 4, and the spectra data are listed in Table 1. These BODIPY dyes exhibit strong emission
in the far-red to NIR region. After the introduction of chlorines and carbazole groups, the
emission peak is pushed stepwise from about 500 to 614, 666, 703, and 749 nm. As compared to
SPC and DPC, respectively, chlorides on 2,6-positions of DC-SPC and DC-DPC also cause red
shift of about 40 nm for both absorption and emission. Importantly, these four long-wavelength
fluorophores have inherited the BODIPY family’s excellent photophysical properties, such as
high molar extinction coefficient (70000−120000 M−1 cm−1), small FWHM (full width at halfmaximum) of spectrum (37−48 nm), and high fluorescence quantum yield (e.g., 0.55−0.99 in
chloroform; 0.40−0.96 in acetonitrile). Also, noticeably, in highly polar solvents such as DMSO,
their emission spectra shift slightly relative to those in chloroform, and fluorescence quantum
yields remain high, which indicates that they are also environmental factor-independent
fluorophores as typical BODIPYs.39 This is totally different from some previous longwavelength BODIPY derivatives of apparent ICT character.

Figure 4: (a) Normalized absorption spectra, (b) normalized fluorescence spectra, and (c) two-photon
absorption spectra of SPC, DPC, DC-SPC, and DC-DPC in chloroform.
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The quantum yield is a result of competition between nonradiative deactivation processes
and fluorescence emission.16 To gain a better understanding this, fluorescence lifetimes (τ) of
these dyes were measured. Their lifetimes are approximately 4 ns (Table 1). Further, both
radiative (Kr) and nonradiative (Knr) decay rates (in relation to Φf and τ) were calculated. The
results show that the propensity of the radiative channel in the total decay is large enough, which
means that these dyes emit intensely.
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Table 1: Photophysical Properties of SPC, DPC, DC-SPC, DC-DPC, DC-SPC-PPh3, and DC-DPC-PPh3.
dye

solvent

λAbs
(nm)

ε
(M cm-1)

λEm
(nm)

Φf

τ
(ns)

Krd
(108 s-1)

Knrd
(108 s-1)

δe
(GM)

SPC

chloroform

588

124200

607

0.66a

3.93

1.67

0.87

700 (760 nm)

acetonitrile

579

120800

605

0.77

4.03

1.91

0.57

nd

DMSO

589

110600

614

0.72

3.64

1.98

0.77

nd

chloroform

619

92800

644

0.62a

4.24

1.46

0.89

800 (840 nm)

acetonitrile

606

92100

650

0.43

3.95

1.09

1.44

nd

DMSO

616

77900

666

0.33

3.06

1.07

2.19

nd

chloroform

674

105900

691

0.99b

4.00

2.48

0.02

1200 (840 nm)

acetonitrile

665

99600

688

0.96

4.14

2.32

0.10

nd

DMSO

678

94900

703

0.97

3.61

2.69

0.08

nd

chloroform

703

86100

730

0.55b

3.97

1.39

1.13

250 (980 nm)

acetonitrile

694

68600

731

0.50

3.94

1.27

1.27

nd

DMSO

705

68700

749

0.32

3.05

1.05

1.25

nd

DC-SPC-PPh3

EtOH

612

89800

650

0.40a

nd

nd

nd

nd

DC-DPC-PPh3

DCM

704

98700

736

0.81c

nd

nd

nd

450 (1000 nm)

acetonitrile

698

nd

745

0.69

nd

nd

nd

nd

DMSO

712

nd

763

0.70

nd

nd

nd

nd

DC-SPC

DPC

DC-DPC

-1

Rhodamine B is used as standard. bReported 3,5-bi (p-methoxy) phenyl-1,7-bi (p-bromo) phenyl aza-BODIPY (Φf 0.42, in toluene) is
used as standard. cCresyl violet is used as standard. dRadiative (Kr) and nonradiative (Knr) decay rates. eMaximum two-photon absorption
cross section, 1 GM = 10-50 cm4 s photon-1. nd, not determined.
a

15

The two-photon absorption (2PA) spectra have been measured through the femtosecond
Z-scan technique, as shown Figure 4(c). These BODIPY dyes exhibit reasonable 2PA cross
sections (δ). Across the 760−1500 nm spectral window, SPC, DC-SPC, and DPC show
maximum δ of 700, 800, and 1200 GM at 760, 840, and 840 nm, respectively. Although the NIR
dye DC-DPC only gives a moderate δ of 250 GM at 980 nm, this might not be the real
maximum, because Z-scan experiments were performed only in the 980−1400 nm range to rule
out the interference from the long-wavelength one-photon absorption (1PA).
Our fluorophores, with combined two-photon excitation and long-wavelength emission,
will be advantageous over commonly used two-photon fluorophores emitting in the visible range
and common one-photon NIR emitters with poor two-photon activities. As is known, two-photon
fluorescence microscopy (2PFM) has been gaining increased popularity in biological imaging
because of its considerable imaging depth inside intact tissues (>500 μm), inherent threedimensional resolution without out-of-focus fluorescence, and limiting photobleaching and
photodamage to the focal volume.40-43 However, the relatively short-wavelength emission of the
most known two-photon fluorophores tends to be obscured in biological background
fluorescence, which, to some extent, offsets the benefit of NIR two-photon excitation.
Photodecomposition experiments demonstrate that these BODIPY dyes have good
photostability. Here, the photostability of these dyes is compared to that of a well-known NIR
fluorophore Cy5 (Figure B-7, Appendix B) in chloroform. These BODIPY dyes show superior
photostability over Cy5 (Figure 5). After irradiation by a 500 W iodine-tungsten lamp for 475
min, the fluorescence of these BODIPY dyes remains as high as 95%, while Cy5 is fully
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bleached within 100 min. Enhanced photostability points to the advantage of these NIR
fluorescence dyes for biological imaging applications.

Figure 5: Fluorescence intensity decay of SPC, DPC, DC-SPC, DC-DPC, and Cy5 in chloroform with
irradiation by a 500 W iodine-tungsten lamp. I0 is the fluorescence intensity immediately after the
irradiation. I is the fluorescence intensity of the above compounds after a fixed time of irradiation.

2.3.3 DFT Calculations
DFT calculations were carried out for further understanding of structure-property
relationships,44, 45 with part of the data listed in Table 2. The small dihedral angles (less than 10°)
between the numbered atoms demonstrate high planarity between the BODIPY core and
carbazole group (Figure 6(A) and Figure B-8, Appendix B). In addition, the HOMO and LUMO
electron distribution of DC-DPC illustrates the transition dipole moment is larger than a typical
π−π* transition (Figure 6(B) and Figure B-8, Appendix B). The above two results are in
accordance with our design strategies: extending π-conjugations and forming moderate ICT.
Moreover, HOMO and LUMO data show that the introduction of a carbazole group will raise the
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HOMO energy level pronouncedly, and the introduction of chlorine will drop the LUMO energy
level. It means smaller energy transitions and bathochromic shifts for SPC, DC-SPC, DPC, and
DC-DPC as compared to BDP. Calculated absorption spectra show the general trend of red shift
stepwise from 407 nm to 525, 565, 613, 654 nm, and these values are close to the experimental
results. Another benefit from the quantum calculation is to estimate the lowest-lying singlet
excited state, which is responsible for the emissive property of the fluorophore. According to the
quantum mechanical selection rules, emissive properties (as well as the excitation) of a dye can
be evaluated by the symmetry and the overlapping of the molecular orbitals (MOs), the change
of the spin state, and the oscillator strength (f) of the electronic transitions, etc.46-48 The DFT
calculations demonstrate these NIR dyes bear a S1←S0 transition oscillator strength (f) of more
than 1. This means the reverse transition, that is, S1→S0 transition, is also strongly allowed; thus,
this dye is potentially fluorescent. These results are in good agreement with the experimental
fluorescence quantum yield.

Figure 6: (A) DFT optimized structure of DC-DPC in the ball-and-stick representation. (B) The HOMO
and LUMO electron distribution of DC-DPC.
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Table 2: DFT Calculation Resultsa.
Dyes

φC1−C2−C3−C4b

φC3−C4−C5−C6b

energy (eV)c

BDP

fd

HOMO/LUMO
(eV)

3.05 (407 nm)

0.4493

-5.61/-2.61

SPC

6.99

0.84

2.36 (525 nm)

1.2179

-4.98/-2.58

DC-SPC

9.56

0.90

2.19 (565 nm)

1.0939

-5.22/-2.97

DPC

5.26

1.10

2.02 (613 nm)

1.2271

-4.68/-2.59

DC-DPC

2.82

1.84

1.89 (654 nm)

1.0301

-4.90/-2.91

Calculations were carried out using the Gaussian 09 programs, employing the B3LYP functional. bφ
stands for dihedral angle between the numbered atoms. cOptical band gap and calculated absorption
wavelength. dOscillator strength of S1←S0 transition.
a

2.3.4 Single-Molecule Experiment
Single-molecule imaging investigation also confirms DPC to be a very efficient and
photostable NIR emitter. As the representative of these new BODIPYs, DPC is chosen for the
comparison with Cy5, because they have similar absorption and emission wavelengths. Singlemolecule imaging experiments are performed in PMMA (Figure 7). This is a standard test of a
fluorophore to be used in imaging at single-molecule level, which requires bright fluorescence
and robust photostability.49-51 Typical time (Figure 7(C)) traces of single-molecule DPC and Cy5
illustrate that, in most cases, DPC single molecule exhibits longer surviving time (approximate
100 slides = 5000 ms) and higher emission rate (approximate 45000 photons per 50 ms). Hence,
the total number of collected photons before bleaching of DPC will be much larger than that of
Cy5 (about 4 times simply by integral area). Considering the long wavelength, as well as large
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two-photon action cross section and good photostability in both bulk and single-molecule state,
DPC exhibits obvious superiority over Cy5 as a NIR fluorophore.

Figure 7: Single-molecule imaging of a PMMA film containing Cy5 (A) and DPC (B), respectively. The
excitation wavelength is 656 nm, and laser intensity at the sample is approximate 0.25 kW/cm2. (C) The
spatially integrated fluorescence intensity time traces of the representative individual molecule, red for
Cy5 and orange for DPC. The reported intensity is background-subtracted. Because of photobleaching,
the emission terminates at 2 and 4.5 s for Cy5 and DPC, respectively.

2.3.5 Mitochondrial Targetable Fluorescent Probe and its Application for Biological Imaging
DC-SPC-PPh3 is then qualified as a useful mitochondrion tracker in both one-photon
and two-photon fluorescence imaging experiments. Colocalization study of DC-SPC-PPh3 with
Rh-123 (Rhodamine 123, a commercial mitochondrial probe) has been conducted. As
demonstrated in Figure 8, fluorescence intensity profiles of linear region of interest (ROI) across
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MCF-7 cells stained with DC-SPC-PPh3 and Rh-123 vary in close synchrony (Figure 8(D)).
Pearson’s coefficient and overlap coefficient are 0.863 and 0.887, respectively, evaluated using
the conventional dye-overlay method (Figure B-9, Appendix B). Moreover, two-photon
fluorescence images are collected to demonstrate the advantage of using DC-SPC-PPh3 as a
mitochondrial probe for 2PFM imaging. In Figure 9, the two-photon fluorescence image of
MCF-7 cells is identical to the one-photon image. According to pioneering works of Chang and
others,52, 53 the mitochondrial targetability of DC-SPC-PPh3 should be ascribed to the positively
charged alkyltriphenylphosphonium (TPP) moiety.

Figure 8: MCF-7 cells are costained with (A) 25 nM Rh-123 (λex = 488 nm, λem = 500−560 nm, pseudocolor green) and (B) 37.5 nM DC-SPC-PPh3 (λex = 559 nm, λem = 600−660 nm, pseudo-color red) (1 h at
37 °C, 5% CO2) in PBS. (C) Overlay of (A), (B), and brightfield. (D) Intensity profile of region of interest
(ROI) cross MCF-7 cell.
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Figure 9: MCF-7 cells are stained with 37.5 nM DC-SPC-PPh3 (1 h at 37 °C, 5% CO2) in PBS. (A) and
(B) are 1PFM (λex = 559 nm, λem = 600−660 nm, pseudo-color red) and 2PFM (λex = 900 nm, λem =
600−660 nm, pseudo-color red) images of MCF-7 cells stained by DC-SPC-PPh3.

2.3.6 Lysosomal Targetable Fluorescent Probe and its Application for Biological Imagining
DC-DPC-PPh3 displays good specificity to localize in lysosomes (Figure 10). Intensity
profiles of ROI across MCF-7 cells stained with NR (Neutral Red, a commercial lysosomal
probe) also vary in close synchrony (Figure 10(D)). Pearson’s coefficient and overlap coefficient
are 0.771 and 0.731 respectively in MCF-7 cells. Two-photon fluorescence images demonstrate
the advantage of using DC-DPC-PPh3 as a lysosomal probe for 2PFM imaging. In Figure 11,
two-photon fluorescence image of HCT 116 cells is identical with one-photon image. To our
knowledge, two-photon excitation over 1000 nm has not been commonly adopted. However,
such a long-wavelength excitation might help increase the image depth further.
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Figure 10: MCF-7 cells are co-stained with (A) 25 nM NR (λex = 559 nm, λem = 575−640 nm, pseudocolor red) and (B) 37.5 nM DC-DPC-PPh3 (λex = 635 nm, λem = 655−755 nm, pseudo-color green) (2 h at
37 ℃ 5% CO2) in PBS. (C) Overlay of (A), (B), and brightfield. (D) Intensity profiles of region of interest
(ROI) cross MCF-7 cell.

Figure 11: HCT 116 cells stained with 1 μM DC-DPC-PPh3 (4 h at 37 °C, 5% CO2) in medium. (A)
1PFM (λex = 633 nm, λem = 700−800 nm, pseudo-color green) and (B) 2PFM (λex = 1000 nm, λem =
700−800 nm, pseudo-color green).

As reported, the targetability of probes is controlled by competitive accumulation of
probe by different cellular organelles.54 However, in another colocalization imaging experiment,
DC-DPC-PPh3 and the mitotracker Rh-123 do not localize in the same intracellular regions
(Figure 12), indicating that DC-DPC-PPh3 is no longer mitochondria-targeting. This is an
interesting discovery that deviates from the well-recognized knowledge on TPP moiety which
usually enables probes selectively accumulate in mitochondria.52, 53 Our explanation for DC23

DPC-PPh3’s preference to accumulate in lysosomes but not in mitochondria is that, when two
TPP moieties exist in one molecule, the complex effect of the number of charge, different
mol/ionic weight and different hydrophilicity-lipophilicity will result in different organelle
selectivity.

Figure 12: MCF-7 cells co-stained with (A) Rh-123 (25 nM) (λex = 488 nm, λem = 500−560 nm, pseudocolor red) and (B) DC-DPC-PPh3 (37.5 nM) (λex = 635 nm, λem = 655−775 nm, pseudo-color green) (2 h
at 37 ℃ 5% CO2) in PBS. (C) Overlay of (A), (B), and brightfield. (D) Intensity profiles of region of
interest (ROI) cross MCF-7 cell.

DC-DPC-PPh3 also shows stable targeting-ability against lysosomal pH changes. The
pH titration experiment reveals that fluorescence of DC-DPC-PPh3 is insensitive to the change
of pH (Figure 13). In vitro experiment for DC-DPC-PPh3 shows stable fluorescence against
drug-induced lysosomal pH changes in MCF-7. In this experiment, chloroquine that can cause
the leakage of protons out of lysosomes is used to increase lysosomal pH.55 Under co-staining
condition, the addition of 20 μM chloroquine induces a clearly decrease of fluorescence
intensities of NR within 20 min while fluorescence from DC-DPC-PPh3 only shows a slight
fluctuations possibly due to the migration of lysosomes (Figure 14) under chloroquine-
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stimulation. Such stable fluorescence intensity independent on lysosomal pH change is quite
important for correctly indicating the location and morphology of lysosomes.
To our knowledge, most lysosome-targeting probes, including commercial lysotrackers,
bear alkaline groups (usually, amines) and thus their fluorescence is highly pH-sensitive owing
to a protonation-induced switch-off of PET (photoinduced electron transfer) process:56 they are
strongly fluorescent only in acidic medium but weakly fluorescent or nonfluorescent at higher
pH. There are also some lysosomal targeting probes whose targetability is dependent on acidic
pH: the saltification of the basic side chains is the origin of their accumulation in acidic
environment.57-59 In other words, if the pH rises, the previous lysosomal probes will lose their
fluorescence or will leave lysosomes to other intracellular areas. Indeed, these features are
suitable for the ‘healthy’ lysosomes keeping acidic pH. However, ones should know, in a long
time under physiologic conditions, pH values of the highly inhomogeneous lysosomes are
always changing, and for lysosomes at different states the pH cannot be the same. More
noticeably, under pathologic conditions, e.g., when lysosomes are stimulated by various external
stimulants, it is highly recommended to adopt a pH-insensitive and stably targeting tracker to
monitor the lysosomal migrations.
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Figure 13: Changes of intensity plot of DC-DPC-PPh3 (3 μM) at 745 nm vs different pH value. Inset:
changes in fluorescence spectra of DC-DPC-PPh3 in aqueous solution containing 30% acetonitrile as
cosolvent vs different pH. (λex: 690 nm slit: 3 nm, 3 nm.).

Figure 14: Fluorescence images of MCF-7 costained with NR (channel 1, pseudo-color red) and DCDPC-PPh3 (channel 2, pseudo-color green) stimulated with chloroquine. (a−d) Images from channel 1
after chloroquine-stimulation for 0 min, 5 min, 10 min and 20 min; (e) overlay of (d) and brightfield; (f−i)
Images from channel 2 after chloroquine-stimulation for 0 min, 5 min, 10 min and 20 min; (j) overlay of
(i) and brightfield; (k−n) Merged images of channel 1 and channel 2; (o).Normalized fluorescence
intensity change of ROIs from two channels respectively.
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2.3.7 In Vitro Photodecomposition Experiments
In vitro photodecomposition experiments also reveal that DP-SPC-PPh3 has much better
photostability than widely used mitochondrial probes, such as Rh-123 and tetramethylrhodamine
methyl ester (TMRM). After irradiation by semiconductor laser (488 nm for Rh-123, 559 nm for
TMRM and DC-SPC-PPh3, 0.5 mW) on a confocal fluorescence microscope for 140 s, the
fluorescence of DC-SPC-PPh3 remained as high as 88%, while the other two showed obvious
decreases, TMRM to 30% and Rh-123 to 9% (Figure 15(a)). In addition, it has been proven that
DP-DPC-PPh3 has better photostability than Cy5. After irradiation by semiconductor laser (635
nm, 0.5 mW) on a confocal fluorescence microscope for 300 s, the fluorescence of DC-DPCPPh3 appeared to remain as high as 90%, whereas Cy5 decreased to 30% (Figure 15(b)).
Enhanced photostability demonstrates the advantage of DC-SPC-PPh3 and DC-DPC-PPh3 as
first choice mitochondrial tracker and lysosomal tracker, respectively, in living cells.

Figure 15: Photofading of dyes (a, DC-SPC-PPh3, Rh123, and TMRM) and (b, DC-DPC-PPh3 and
Cy5) in living cells with irradiation by semiconductor laser in a confocal fluorescence microscope. (a)
Excitation wavelength is 488 nm for Rh-123, 559 nm for TMRM and DC-SPC-PPh3, and the intensity at
the sample is approximately 0.5 mW. (b) Excitation wavelength is 635 nm for DC-DPC-PPh3 and Cy5
and the intensity at the sample is approximately 0.5 mW.
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2.3.8 Cytotoxicity Study
The dark cytotoxicity of DC-SPC-PPh3 and DC-DPC-PPh3 is low (Figure 16). MTT
assay has revealed that ~95% of MCF-7 cells survived after being incubated with DC-SPCPPh3 (10 μM) for 24 hours. This is a favorable characteristic of a practical mitochondrial probe
applied in living cells. The result also shows that DC-DPC-PPh3 has the advantage of low
cytotoxicity. Even incubated with a much higher concentration (10 μM) than optimized level, 91%
of MCF-7 cells survived after being incubated for 24 hours. As has been mentioned previously,
most of the known lysosomal probes have alkalinity favorable for retention in acidic lysosomes.
However, an alkalinizing effect to elevate pH values within lysosomes will interrupt lysosomal
functions and lead to relatively high cytotoxicity. Our new lysotracker, DC-DPC-PPh3, doesn’t
have such effect, and thus shows low cytotoxicity.

Figure 16: Viability of MCF-7 cells with DC-SPC-PPh3 (red) and DC-DPC-PPh3 (black) after
treatment in different concentrations for 24 h.
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2.4 Conclusion
In conclusion, in order to develop efficient and photostable long-wavelength fluorescent
probes, we have synthesized a series of BODIPY derivatives such as SPC, DPC, DC-SPC, and
DC-DPC in high yields through Knoevenagel condensation. These dyes emit at tunable
wavelengths in the far-red to NIR region. For example, in chloroform their emission peak is 607,
644, 691, and 730 nm, respectively. Importantly, their fluorescence quantum yields are very high,
regardless of the solvents’ polarity. For example, in chloroform, these values are up to 0.66, 0.62,
0.99, and 0.55, respectively. They are much more efficient and much more photostable emitters
than common NIR dyes, for example, Cy5, as proved by the comparison study of singlemolecule fluorescence imaging. Another advantage lies in that they have reasonable two-photon
absorption across sections. These precursors bearing terminal acetylene groups are readily
modified into organelle-targetable probes, e.g., DC-SPC-PPh3 and DC-DPC-PPh3, via Click
chemistry. While DC-SPC-PPh3 exhibits specificity to localize in mitochondria, DC-DPCPPh3 exhibits specificity to localize in lysosomes. Noticeably, regardless of pH rise within
lysosomes under drug stimulation, DC-DPC-PPh3 exhibits stable fluorescence, and it also
displays low cytotoxicity. These features distinguished from the commonly used lysosomal
probes that show alkalinity are quite important to qualify a lysosomes tracker, especially for the
imaging of living cells for a long time or under external stimulations. Because its longwavelength emission at ∼650 and ~740 nm can efficiently avoid the spectral crosstalk with other
probes emitting in the visible light region, DC-SPC-PPh3 and DC-DPC-PPh3 will act as
standard colocalizing agents to estimate the other probes’ local distribution in both 1PFM and
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2PFM imaging. We expect that they will become valuable tools for fluorescent imaging and
sensing in cell biology.
2.5 Experimental Section
2.5.1 Materials
Carbazole aldehydes, 3-nitrine propyl triphenylphosphonium, and DC-BDP are
synthesized according to standard procedures.8-12 Toluene is dried over suitable reagents and
distilled under argon immediately prior to use. The commercial dyes Cy5, NR, Rh-123, and
TMRM are used as received with a purity >99% (checked by spectroscopic and chromatographic
methods). Solvents for spectra studies are of spectroscopic grade and are used without
purification.
2.5.2 General Methods
The 400 (1H) MHz NMR and 100 (13C) MHz NMR spectra are registered at room
temperature using perdeuterated solvents as internal standard. Melting points were obtained with
a capillary melting point apparatus in open-ended capillaries and are uncorrected.
Chromatographic purification is conducted with silica gel. All solvent mixtures are given as
volume/volume ratios. The slit width is 3 nm for both excitation and emission during
fluorescence spectra recording. Relative quantum efficiencies of fluorescence of compounds are
obtained by comparing the areas under the corrected emission spectrum of the test sample in
diluted solvents with that of Rhodamine B (ΦF ≈ 0.69) in methanol, Cresyl violet (ΦF ≈ 0.54) in
methanol, and a reported aza-BODIPY derivative in toluene, which has a quantum efficiency of
0.42 according to the literature.13 Nondegassed, spectroscopic grade toluene and a 10 mm quartz
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cuvette are used. Dilute solutions (0.01 < A < 0.05) are used to minimize reabsorption effects.
Quantum yields are determined using Equation 1:
(

)
⁄

(1)

where Φ(standard) is the reported quantum yield of the standard, Abs is the absorbance at the excitation
wavelength, and F is the integrated emission spectra.

Fluorescence lifetimes were determined for dilute solutions (ca. 10-6 M). Excitation
anisotropy

spectrum

of

DC-DPC-PPh3

was

recorded

with

a

PTI

Quantamaster

spectrofluorimeter equipped with a photomultiplier tube (PMT) in high viscosity solvent
(glycerol).
2.5.3 Effects on Cell Growth/Viability
MCF-7 (human breast carcinoma) cells are obtained from the Institute of Basic Medical
Sciences (IBMS) of the Chinese Academy of Medical Sciences (CAMS). The cells are
maintained under standard culture conditions (atmosphere of 5% CO2 and 95% air at 37 °C) in
RPMI-1640 medium, supplemented with 10% FBS (fetal calf serum). The cytotoxic effect of
DC-SPC-PPh3 and DC-DPC-PPh3 against MCF-7 cells is assessed using the MTT assay.
Briefly, MCF-7 cells in the exponential phase of growth are used in the experimentation. 1.5×103
cells/well are seeded onto 96-well plates and allowed to grow for 24 h prior to treatment with
DC-SPC-PPh3 or DC-DPC-PPh3. The incubation time of DC-SPC-PPh3 or DC-DPC-PPh3 is
1−2 h. At the end of this time, the DC-SPC-PPh3 or DC-DPC-PPh3 containing medium is
replaced with PBS, MTT is then added to each well (final concentration 0.5 mg/mL) for 4 h at
37 °C, and formazan crystals formed through MTT metabolism by viable cells are dissolved in
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DMSO. Optical densities are measured at 570 nm. IC50 values (concentrations reducing the cell
survival fraction by 50%) are obtained by nonlinear regression analysis, using Origin 8.5.
For MTS assay, HCT 116 cells (purchased from America Type Culture Collection,
Manassas, VA) are cultured in RPMI-1640, supplemented with 10% FBS, and 1% penicillin, 1%
streptomycin, at 37 °C, in a 95% humidified atmosphere containing 5% CO2. N° 1 round 12 mm
coverslips are treated with poly-D-lysine, to improve cell adhesion, and washed (3×) with PBS
buffer solution. HCT 116 cells are prepared for cell viability studies in 96-well plates (10×103
cells per well). The cells are incubated for an additional 22 h with DC-DPC-PPh3 in different
concentrations. The dye is dissolved in DMSO at a concentration of 3×10-4 M and then, diluted
with RPMI-1640 medium. Subsequently, 20 μL of MTS assay reagent is added into each well for
2 h at 37 °C and the relative viability is determined by measuring the MTS-formazan absorbance.
2.5.4 Culture of MCF-7 Cells and Fluorescent Imaging
MCF-7 cells are obtained from the Institute of Basic Medical Sciences (IBMS) of the
Chinese Academy of Medical Sciences (CAMS). The cells are maintained under standard culture
conditions (atmosphere of 5% CO2 and 95% air at 37 °C) in RPMI-1640 medium, supplemented
with 10% FBS (fetal calf serum). MCF-7 cells are grown in the exponential phase of growth on
35 mm glass-bottom culture dishes (Φ 20 mm) for 1−2 days to reach 70−90% confluence. These
cells are used in colocalization experimentation. The cells are washed three times with RPMI1640, and then are incubated with 2 mL medium containing DC-SPC-PPh3 or DC-DPC-PPh3
(37.5 nM) and Rh-123 or NR (25 nM) in an atmosphere of 5% CO2 and 95% air at 37 °C. DCSPC-PPh3 or DC-DPC-PPh3 are first prepared as a DMSO solution with a concentration of 1
mM and is diluted with RPMI-1640 for cell incubation. Cells are washed twice with 1 mL of
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PBS at room temperature, and 1 mL of RPMI-1640 culture medium is added and then observed
under a confocal microscope (Olympus FV1000).
For imaging of HCT 116 cells, the treated cover slips are placed in 24-well plates and
40000 cells per well are seeded and incubated for 48 h before incubation with the dye. From a
stock solution (see above) of the dye, a 1 μM solution in culture media is freshly prepared and
also a 100 nM solution of Lysotracker Red (Invitrogen). These solutions are used to incubate the
cells. Cells are incubated for 4 h with the dye and 1 h with Lysotracker Red. After incubation,
cells are washed with PBS three times, fixed with 3.7% formaldehyde in PBS at room
temperature for 10 min, and incubated twice with NaBH4 (1 mg/mL) in PBS at room temperature
for 10 min. The cells are then washed with PBS twice and mounted on microscopy slides with
Prolong Gold (Invitrogen) mounting media for imaging. One-photon fluorescence imaging is
recorded on Leica TCS SP5 microscope system. The excitation wavelength for DC-DPC-PPh3
is 633 nm, while emission is collected from 700 to 800 nm. For Lysotracker Red, 561 nm is used
for exciting while collecting the emission between 570 and 670 nm. Two-photon fluorescence
imaging is recorded on Leica TCS SP5 microscope system coupled to a tunable Coherent
Chameleon Vision S laser (80 MHz, modelocked, 75 fs pulse width, tuned to 1000 nm). Twophoton induced fluorescence is collected with a water immersion 63× objective (HCX Pl APO
CS 63.0×1.20 WATER UV).
2.5.5 Single-Molecule Experiments
For the single-molecule experiments, thin-film samples are prepared by spin coating one
drop of a dye-polymer-toluene cosolution (10-10 M dye, poly[methyl methacrylate] (PMMA), 20
g L-l) at 5000 rpm onto glass microscope coverslips. The resulting thickness of the polymer films
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amounts to ∼20 nm. The samples are excited with a solid-state laser (MRL-N-656.5, CNI) at
656.5 nm with an excitation intensity of 1.25 kW/cm2. The output of the laser is directed into a
home-built epifluorescence microscope and reflected via a dichroic beam splitter (FF660-Di,
Semrock) toward an infinity-corrected oil-immersion objective (UPLSAPO, 100×, NA = 1.4,
Olympus). In the plane of the sample, the excitation is defocused to an area of about 40×40 mm2
by an additional lens with long focal distance (f = 300 mm). The emission from the dyes is
collected by the objective, passed through the dichroic beam splitter and two dielectric filters
(HQ680LP, D680/30, Chroma), and is focused onto the chip of a back-illuminated electronmultiplying charge-coupled device (EMCCD, iXon DV897, Andor Technology). Typically, a
fluorescence-microscopy image displays about 30 spatially isolated single molecules within the
illuminated area. From this area, 5000 fluorescence-microscopy images are registered
successively with an exposure time of 50 ms. The total acquisition time is 250 s. All experiments
are carried out at room temperature.
2.5.6 Photostability
SPC, DC-SPC, DPC, DC-DPC, and Cy5 are dissolved in chloroform at a concentration
of 10.0 μM, respectively. The solutions are irradiated under a 500 W iodine-tungsten lamp for 10
h at a distance of 250 mm away. An aqueous solution of sodium nitrite (50.0 g/L) is placed
between the samples and the lamp as a light filter (to cut off the light shorter than 400 nm) and
heat filter. The photostability is expressed in the terms of remaining fluorescence (%) calculated
from the changes of fluorescence at the fluorescence maximum before and after irradiation by
iodine-tungsten lamp.
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2.5.7 2PA Cross-Section Measurements
The investigations of the 2PA were performed with a femtosecond laser system
(Coherent, Inc.). The output of a Ti:Sapphire laser (Mira 900-F, tuned to 800 nm, with a
repetition rate = 76 MHz, average power ~1.1 W, and pulse duration ~200 fs), pumped by the
second harmonic of cw Nd3+:YAG laser (Verdi-10), was regeneratively amplified with a 1 kHz
repetition rate (Legend Elite USP) providing ∼100 fs pulses (FWHM) with energy ∼3.6
mJ/pulse. This output at 800 nm was split into two separate beams with average power ∼1.8 W
each and pumped into two ultrafast optical parametric amplifiers (OPerA Solo (OPA), Coherent
Inc.) with a tuning range 0.24−20 μm, ∼100 fs (FWHM), and pulse energies up to ∼100 μJ. A
single laser beam from the first OPA was used for direct 2PA cross-section measurements by the
open-aperture Z-scan method.60
2.5.8 General Procedure for the Synthesis of BODIPY Derivatives
DC-BDP (500 mg, 0.97 mmol) and carbazole aldehyde (0.97 mmol) were refluxed in a
mixture of toluene (50 mL), acetic acid (1 mL), and piperidine (1 mL). Any water formed during
the reaction was removed azeotropically by heating 8 h in a Dean-Stark apparatus. Crude product
was then concentrated under vacuum, and purified by silica gel column chromatography.
2.5.8.1 SPC
BDP (1.11 mmol, 500 mg) and N-propargyl-4-carbazole aldehyde (1.11 mmol, 259 mg)
were added to a 100 mL round bottomed flask containing 50 mL of toluene, and to this solution
were added piperidine (1 mL) and acetic acid (1 mL). The mixture was heated under reflux by
using a Dean-Stark trap, and the reaction was monitored by TLC 1:3 CH2Cl2:hexanes (Rf 0.3).
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When all of the starting material had been consumed, the mixture was cooled to room
temperature, and solvent was evaporated. Water (300 mL) added to the residue and the product
was extracted into the CH2Cl2 (3×200 mL). Organic phase was dried over Mg2SO4, evaporated,
and residue was purified by silica gel column chromatography using 1:3 CH2Cl2:hexanes as the
eluent, which yielded the desired product SPC as a purple powder (255 mg, 35%). mp
258−259 °C. 1H NMR (400 MHz, CDCl3): δ 8.28 (s, 1H), 8.15 (d, J = 7.6 Hz, 1H), 7.85 (d, J =
8.0 Hz, 2H), 7.78 (d, J = 10.0 Hz 3H), 7.72 (d, J = 16.0 Hz, 1H), 7.45−7.52 (m, 4H), 7.31 (t, J =
8.0 Hz, 1H), 7.08 (d, J = 8.0 Hz, 2H), 6.67 (s, 1H), 6.01 (s, 1H), 5.05 (s, 2H), 2.63 (s, 3H), 2.29
(s, 1H), 1.49 (s, 3H), 1.44 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 155, 154, 141, 138, 135, 130,
128, 126, 124, 123, 121, 120, 109, 95, 73, 33, 30, 15. m/z (TOF MS ES): calcd M+ for
C35H27BN3F2NaI, 688.1209; found, 688.1222.
2.5.8.2 DC-SPC
DC-BDP (0.97 mmol, 500 mg) and N-propargyl-4-carbazole aldehyde (0.97 mmol, 225
mg) were added to a 100 mL round bottomed flask containing 50 mL of toluene, and to this
solution were added piperidine (1 mL) and acetic acid (1 mL). The mixture was heated under
reflux by using a Dean-Stark trap, and the reaction was monitored by TLC 1:3 CH2Cl2:hexanes
(Rf 0.4). When all of the starting material had been consumed, the mixture was cooled to room
temperature, and solvent was evaporated. Water (300 mL) added to the residue and the product
was extracted into the CH2Cl2 (3×200 mL). Organic phase was dried over Mg2SO4, evaporated,
and residue was purified by silica gel column chromatography using 1:3 CH2Cl2:hexanes as the
eluent, which yielded the desired product DC-SPC as a blue powder (220 mg, 35%). mp
263−264 °C. 1H NMR (400 MHz, CDCl3): δ 8.31 (s, 1H), 8.27 (s, 1H), 8.16 (d, J = 8.0 Hz, 1H),
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7.89 (d, J = 8.0 Hz, 2H), 7.85 (d, J = 8.0 Hz 1H), 7.75 (d, J = 16.0 Hz, 1H), 7.49−7.55 (m, 3H),
7.31 (t, J = 6.0 Hz, 1H), 7.06 (d, J = 8.0 Hz, 2H), 5.07 (s, 2H), 2.66 (s, 3H), 2.30 (s, 1H), 1.46 (s,
3H), 1.42 (s, 3H).
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C NMR (100 MHz, CDCl3): δ 152.0, 148.6, 140.8, 140.3, 138.9, 138.7,

138.6, 136.6, 134.1, 130.5, 130.1, 129.8, 128.8, 126.4, 125.8, 123.9, 123.3, 120.8, 120.3, 115.2,
109.3, 109.1, 95.3, 72.7, 32.6, 12.6, 12.2. m/z (TOF MS ES): calcd M+ for C35H25BN3F2NaCl2I,
756.0429; found, 756.0435.
2.5.8.3 DPC
BDP (1.11 mmol, 500 mg) and N-propargyl-4-carbazole aldehyde (3.33 mmol, 777 mg)
were added to a 100 mL round bottomed flask containing 50 mL of toluene, and to this solution
were added piperidine (1.5 mL) and acetic acid (1.5 mL). The mixture was heated under reflux
by using a Dean-Stark trap, and the reaction was monitored by TLC 1:2.5 CH2Cl2:hexanes (Rf
0.3). When all of the starting material had been consumed, the mixture was cooled to room
temperature, and solvent was evaporated. Water (300 mL) added to the residue and the product
was extracted into the CH2Cl2 (3×200 mL). Organic phase was dried over Mg2SO4, evaporated,
and the residue was purified by silica gel column chromatography using 1:2.5 CH2Cl2:hexanes as
the eluent, which yielded the desired product DPC as a green powder (733 mg, 75%). mp
267−269 °C. 1H NMR (400 MHz, THF-d8): δ 8.36 (s, 2H), 8.22 (d, J = 8.0 Hz, 2H), 7.93 (d, J =
8.0 Hz, 2H), 7.84 (d, J = 7.2 Hz 2H), 7.82 (s, 2H), 7.58−7.65 (m, 6H), 7.47 (t, J = 8.0 Hz, 2H),
7.26 (t, J = 8.0 Hz, 4H), 6.83 (s, 2H), 6.01 (s, 2H), 5.21 (s, 4H), 2.75 (s, 2H), 1.54 (s, 6H). 13C
NMR (100 MHz, THF-d8): δ 151.3, 138.8, 136.4, 129.1, 126.9, 124.1, 118.6, 118.0, 107.6, 107.3,
92.6, 76.1, 70.8, 29.9, 12.3. m/z (TOF MS ES): calcd M+ for C51H36BN4F2I, 880.2046; found,
880.2010.
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2.5.8.4 DC-DPC
DC-BDP (0.97 mmol, 500 mg) and N-propargyl-4-carbazole aldehyde (2.91 mmol, 678
mg) were added to a 100 mL round bottomed flask containing 50 mL of toluene, and to this
solution were added piperidine (1.5 mL) and acetic acid (1.5 mL). The mixture was heated under
reflux by using a Dean-Stark trap, and the reaction was monitored by TLC 1:2.5 CH2Cl2:hexanes
(Rf 0.35). When all of the starting material had been consumed, the mixture was cooled to room
temperature, and solvent was evaporated. Water (300 mL) added to the residue and the product
was extracted into the CH2Cl2 (3×200 mL). Organic phase was dried over Mg2SO4, evaporated,
and residue was purified by silica gel column chromatography using 1:2.5 CH2Cl2:hexanes as the
eluent, which yielded the desired product DC-DPC as a brown powder (728 mg, 80%). mp
>300 °C. 1H NMR (400 MHz, CDCl3): δ 8.32 (d, J = 16.0 Hz 1H), 8.18 (d, J = 8.0 Hz, 1H),
7.83−7.93 (m, 3H), 7.52−7.55 (m, 3H), 7.30 (t, J = 6.0 Hz 1H), 7.09 (d, J = 8.0 Hz 1H), 5.07 (s,
2H), 2.64 (s, 3H).
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C NMR: nd. m/z (TOF MS ES): calcd [M+Na]+ for C51H34BN4F2NaCl2I,

971.1164; found, 971.1168.
2.5.8.5 DC-SPC-PPh3
Under a nitrogen atmosphere, CuSO4·5H2O (2.8 mg, 0.012 mmol) in H2O (1 mL) and
Na-ascorbate (4.2 mg, 0.022 mmol) in H2O (1 mL) followed by DIPEA (30 mL, 0.174 mmol)
were added to a solution of (3-azidopropyl)triphenylphosphonium bromide (45 mg, 0.106 mmol)
in EtOH (8 mL). A solution of DC-SPC (63 mg, 0.086 mmol) in toluene (20 mL) then was
slowly added dropwise to the mixture in the absence of light. The reaction mixture was stirred in
the dark for 12 h at room temperature. Still in the absence of light, the solvent was evaporated off
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under vacuum, and the product was purified by silica gel column chromatography using 1:35
EtOH:CH2Cl2 as the eluent, which yielded the desired product DC-SPC-PPh3 as a dark blue
solid (84.7 mg, 85%). mp 235−236 °C. 1H NMR (400 MHz, CDCl3): δ 8.62 (s, 1H), 8.25−8.13
(m, 3H), 7.89−7.50 (m, 20H), 7.26 (s, 2H), 5.73 (s, 2H), 4.47 (s, 2H), 3.56 (s, 2H), 2.57 (s, 3H),
2.04 (s, 2H), 1.42 (s, 3H), 1.36 (s, 3H).

13

C NMR (100 MHz, CDCl3): δ 151.6, 147.7, 143.4,

141.4, 140.9, 140.4, 138.8, 134.0, 133.9, 133.3, 130.8, 130.7, 127.9, 126.9, 124.8, 124.0, 123.5,
122.7, 121.8, 121.2, 120.4, 118.9, 118.0, 111.2, 97.1, 49.7, 49.3, 23.5, 18.9, 18.4, 12.8, 12.3. 31P
NMR (100 MHz, DMSO) δ 24. m/z (TOF MS ES): calcd [M-Br]+ for C56H46BN6F2PCl2I,
1079.2005; found, 1079.2042.
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CHAPTER 3. NEAR-INFRARED FLUORESCENT 4,4-DIFLUORO-4BORA-3A,4A-DIAZA-S-INDACENE PROBES FOR ONE-PHOTON AND
TWO-PHOTON FLUORESCENCE BIOIMAGING
3.1 Abstract
A series of two-photon absorbing near-infrared (NIR) emitting 4,4-difluoro-4-bora-3a,4adiaza-s-indacene (BODIPY) derivatives, DDC and SDC, were designed as fluorescent probes for
one-photon fluorescence microscopy (1PFM) and two-photon fluorescence microscopy (2PFM)
imaging. Linear and nonlinear photophysical properties, including UV-visible absorption,
fluorescence, excitation anisotropy, photostability, and two-photon absorption (2PA) cross
sections, of the dyes were investigated to assess the potential of using the new probes as
bioimaging agents. Cell viability and colocalization studies of DDC with Lysotracker Red, a
commercial lysosomal marker, in COS 7 and HCT 116 cells demonstrated not only low toxicity
but also selective targeting of lysosomes. With an eye towards applications, SDC was
encapsulated in silica-based nanoparticles for in vitro and ex vivo 1PFM and 2PFM bioimaging.
The surface of the nanoparticles was modified with an RGD (arginine-glycine-aspartic acid)
peptide, a well-known αVβ3 integrin-binding ligand. The nanoprobe exhibited good
biocompatibility and highly selective RGD-mediated uptake in αVβ3 integrin-overexpressing
cancers, while maintaining efficient fluorescence quantum yield and high photostability.
3.2 Introduction
Fluorescence microscopy techniques provide unique advantages, such as high spatial
resolution and superior sensitivity, and have become essential tools for live cell imaging.61, 62
Fluorescence techniques have enabled visualization of biological and biochemical mechanisms at
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the subcellular level. With the current progress in ultrafast laser sources, two-photon
fluorescence microscopy (2PFM), which affords deeper tissue penetration and excellent threedimensional (3D) imaging capability, has been widely employed in bioimaging applications.63, 64
One of the major challenges for 2PFM is a shortage of biocompatible probes with high twophoton absorptivity and high fluorescence quantum yields (ΦFL), in contrast to more commonly
reported hydrophobic organic molecules that possess large two-photon absorption (2PA) crosssections (δ2PA) that are synthetically more accessible.65, 66
Recently, nanomaterials encapsulating hydrophobic dyes have been reported as
promising biocompatible nanocarriers for applications in bioimaging and biomedical fields.67-69
Among a wide variety of nanoparticles, silica nanoparticles (SiNPs) doped with two-photon
fluorescent (2PF) dyes have drawn particular attention in recent years. They provide stable
aqueous dispersion and high photostability as well as appropriate size for in vivo imaging relative
to organic dyes.70-74 To achieve the potential of SiNPs in 2PFM, two-photon absorbing dyes are
required to maintain high fluorescence while entrapped in the silica nanoparticles.
In combination with two-photon excitation, emission in the near-infrared (NIR) range
(700−1000 nm), referred to as the optical window of biological samples, is also an important
factor in biophotonics research.75-77 Near IR fluorescent probes have the advantage of minimum
light scattering and autofluorescence, all leading to high-contrast imaging.23,
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Currently,

however, many commercially available fluorescent probes, such as Lysotrackers that selectively
stain lysosomes, have fluorescence in the visible range, limiting their use in biological research.
As one of the promising NIR-emitting 2PA fluorophores, 4,4-difluoro-4-bora-3a,4adiaza-s-indacene (BODIPY) derivatives have gained substantial attention. This is likely due to
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their extraordinary photophysical properties, such as generally high fluorescence quantum yield,
high photostability, and more importantly, strong absorbance and narrow emission bandwidth in
the far-red to NIR region, providing improved fluorescence signal-to-background ratio for
fluorescence microscopy.39,

79-81

Herein, we introduce two 2PA NIR fluorescent BODIPY

derivatives (DDC and SDC) along with their photophysical properties. Additionally, DDC was
investigated for in vitro one-photon and two-photon fluorescence lysosomal imaging. Lysosomes
are cellular organelles that play key roles in a wide variety of physiological activities, including
cell antigen processing, bone remodeling, plasma membrane remodeling, and cell death.82-84
Although lysosomal dysfunction is highly involved in diverse diseases, such as tumor invasion
and neurodegenerative disorders,85,

86

relatively few NIR fluorescent probes for lysosomal

imaging have been reported.
To further investigate potential applications in tissues, SiNPs with narrow size
distribution were prepared and employed to encapsulate a NIR fluorescent dye (SDC), a
compound that has a maximum 2PA cross section of ~400 GM (1 GM (Göppert Mayer) = 1050

·cm4∙s∙photon-1). Stable aqueous dispersion and improved biocompatibility enabled successful

deployment of SDC-doped SiNPs for bioimaging. In order to achieve selective tumor targeting,
the surface of the SiNPs was modified with an RGD (arginine-glycine-aspartic acid) peptide to
enable targeting of αVβ3 integrin.87-90 It is well-known that αVβ3 integrin is responsible for cell
growth and death.91, 92 It is also noted that αVβ3 integrin is overexpressed in various types of
tumor cells and tumor blood vessels,93 and it regulates tumor growth, metastasis, and
angiogenesis.92,

94

In this study, we report not only the synthesis of RGD-modified SDC-

encapsulated SiNPs, but the analysis of their photophysical characteristics. Moreover, selective
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targeting with RGD-functionalized SiNPs was demonstrated by in vitro and ex vivo one-photon
and two-photon fluorescence imaging. On the basis of 1PFM and 2PFM images, these
nanoparticles were uptaken by cancer cells and tumor vasculatures that highly upregulate αVβ3
integrins, making these RGD-modified dye-containing SiNPs promising for tumor detection and
angiogenesis imaging.
3.3 Results and Discussion
3.3.1 Linear and Nonlinear Photophysical Properties
Linear and nonlinear photophysical properties (Table 3 and Table 4) of free DDC and
SDC dyes, as well as RGD-modified SDC-encapsulated SiNPs (RGD-SDC-SNP) in water, were
characterized to demonstrate their potential as efficient fluorescent probes. Lysotracker Red (LT
Red), a commercial lysosomal marker, in DMSO was investigated for comparison purposes.
DDC and SDC exhibited good solubility in investigated polar and nonpolar organic solvents.
One-photon absorption (1PA) and fluorescence spectra of the free dyes (Figure 17) indicated
modest dependence on solvent polarity. The relatively larger Stokes shift and lower fluorescence
quantum yield in polar solvents were likely due to strong intermolecular interactions between
solute and solvent.95, 96 Furthermore, the absorption and emission spectra of SDC-doped SiNPs
(SDC-SNP) in water were close to those of the free SDC dye in DMSO, suggesting a clear
indication of successful loading of the dye in SiNPs (Figure 17).
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Table 3: Linear Photophysical Properties for DDC, SDC, RGD-SDC-SNP, and LT Red.
dye

solvent

λAbs
(nm)

λEm
(nm)

∆λ
(nm)

εmax × 10-4
(M-1 cm-1)

ΦFL

DDC

toluene

679 ± 1

695 ± 1

16 ± 2

10 ± 1

0.90 ± 0.14

DCM

674 ± 1

700 ± 1

26 ± 2

9.6 ± 1

0.78 ± 0.12

DMSO

683 ± 1

711 ± 1

28 ± 2

9.5 ± 1

0.41 ± 0.06

ACN

669 ± 1

697 ± 1

28 ± 2

9.3 ± 1

0.66 ± 0.10

toluene

592 ± 1

609 ± 1

17 ± 2

10 ± 1

0.79 ± 0.12

DCM

587 ± 1

613 ± 1

26 ± 2

8.9 ± 1

0.82 ± 0.12

DMSO

593 ± 1

630 ± 1

37 ± 2

9.2 ± 1

0.80 ± 0.12

ACN

582 ± 1

616 ± 1

34 ± 2

8.9 ± 1

0.72 ± 0.11

RGD-SDC-SNP

water

594 ± 1

623 ± 1

29 ± 2

9.0 ± 1

0.56 ± 0.08

LT Red

DMSO

585 ± 1

604 ± 1

19 ± 2

7.8 ± 1

0.57 ± 0.09

SDC

Maxima of Absorption λAbs and Fluorescence λEm, Stokes shift ∆λ, Maximum molar absorptivity εmax, and
Fluorescence quantum yield ΦFL.
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Figure 17: Normalized one-photon absorption (a, c) and fluorescence emission (b, d) spectra of DDC
(top), SDC (bottom) in toluene (black), dichloromethane (red), dimethyl sulfoxide (green), acetonitrile
(blue), and SDC-SNP (bottom) in water (pink).

The analysis of excitation anisotropy in viscous polytetrahydrofuran (pTHF) was
performed since excitation anisotropy spectra provide information with respect to the spectral
position of various electronic transitions.23, 97 As shown in Figure 18, the values of anisotropy of
free DDC and SDC dyes were not fully constant in the main long-wavelength absorption band
which is associated with the low energy electronic transition S0→S1, although the values were
nearly close to the theoretical limit ranging from -0.2 to 0.4.98 This suggests that there are likely
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more than one electronic transition in the main one-photon allowed absorption band. Decreases
or shoulders in the short-wavelength region in the anisotropy spectra are indicative of higher
electronic transitions S0→Sn, generally two-photon allowed transitions.
Both compounds exhibited weak 2PA cross sections in the main long-wavelength
absorption band, in good agreement with the anisotropy spectra, while the maximum 2PA cross
sections were observed in the short-wavelength region. As described in Figure 18, higher 2PA
cross sections of DDC correlated well with two minima in the excitation anisotropy spectrum,
although the maximum 2PA value of SDC did not completely correspond to the shoulder in the
anisotropy spectrum.
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Figure 18: Linear and nonlinear optical spectra of (a) DDC in DMSO and (b) SDC in DMSO (1 GM
(Göppert Mayer) = 10-50·cm4∙s∙photon-1). Linear absorption (black), emission (red), excitation anisotropy
(blue) spectra, and 2PA cross sections (green circles).
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To assess the potential applicability for fluorescence microscopy under prolonged
irradiation, photochemical stability was investigated by an absorption method, and the
corresponding photodecomposition quantum yield (η) was determined (Figure 19 and Table 4).98100

Details for photostability experiments are provided in the Experimental Section. In addition,

as a means for evaluating the efficiency of a fluorescent marker, we previously defined a figure
of merit (FM), which is the product of the fluorescence quantum yield and the 2PA cross section
normalized by photodecomposition quantum yield, i.e., ΦFLδ2PA/η.99 The results listed in Table 4
indicate that FM values of both free DDC and SDC dyes in DMSO were three orders of
magnitude higher than that of LT Red in DMSO, supporting strong potential of the dyes for
fluorescence imaging.

Table 4: Photochemical Decomposition Quantum Yields and Figure of Merits of DDC, SDC, RGDSDC-SNP, and LT Red.
dye

solvent

ΦFL

δ2PA
(GM)

η × 107

ΦFLδ2PA
(GM)

FM × 10-6
(GM)

DDC

DMSO

0.41 ± 0.06

1650

2.00

676.5

3382.5

SDC

DMSO

0.80 ± 0.12

405

1.36

324

2314.3

RGD-SDC-SNP

water

0.56 ± 0.08

ND

1.30

ND

ND

LT Red

DMSO

0.57 ± 0.09

33a

54.4

18.81

3.46

Fluorescence quantum yield ΦFL, Maximum 2PA cross section δ2PA, Photodecomposition quantum yield η,
Two-photon action cross section ΦFLδ2PA, and Figure of merit FM. ND, not determined. aSee reference 99.
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Figure 19: Time-dependent absorption spectra of (a) DDC in DMSO, and (b) LT Red in DMSO, (c) SDC
in DMSO, and (d) SDC-SNP in water with corresponding wavelength irradiation.

3.3.2 Cytotoxicity and in Vitro One-photon and Two-photon Fluorescence Lysosomal Imaging
In order to demonstrate the potential of DDC as a bioimaging probe, cytotoxicity assays
were conducted in a fibroblast cell line, COS-7 and an epithelial colorectal carcinoma cell line,
HCT 116 by MTS assay with dye concentration ranging from 1 to 50 μM. According to the data
shown in Figure C-1 (Appendix C), DDC showed ~70% cell viability up to 25 μM in both cell
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lines, confirming high cellular biocompatibility of the probe. Subsequently, cellular uptake of the
dye into COS-7 and HCT 116 cells was determined by treating with different dye concentrations
(5, 10, and 20 μM) and different incubation times (1, 2, and 4 h). Based on these results, 20 μM
concentration for 2 h incubation was the condition utilized for one-photon fluorescence
microscopy (1PFM) and 2PFM of COS 7 cells. A concentration of 10 μM was used for 4 h
incubation with HCT 116 cells.
To further address selective subcellular localization properties of the probe in two
different cell lines, a colocalization study was performed with LT Red. Both types of cells were
incubated with DDC and LT Red, and subsequently, fluorescence images were obtained from
two separated channels. The excitation wavelength for DDC was 633 nm while collecting the
emission between 700 and 800 nm. For LT Red, 561 nm was used for excitation and emission
was collected from 570 to 670 nm. The fluorescence from two different channels showed
excellent spatial overlap (Figure 20, Figure C-2, and Figure C-4, Appendix C), and it was
quantitatively determined by calculating Pearson’s correlation coefficient with ImageJ software.
The colocalization coefficients relative to LT Red were 0.96 and 0.88 in COS 7 and HCT 116
cells, respectively, supporting that DDC possesses highly selective lysosome-targeting ability.
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Figure 20: Colocalization images of HCT 116 cells coincubated with DDC (10 μM, 4 h) and LT Red
(100 nM, 2 h). Row B shows magnification of area enclosed by the blue box in Row A. (a) differential
interference contrast (DIC) image, (b) one-photon fluorescence image of DDC, (c) one-photon
fluorescence image of LT Red, (d) overlaid image of b and c, (e) overlaid image of a, b, and c (Pearson’s
correlation coefficient 0.88). 50 μm scale bar

In order to explore the potential of DDC, 2PFM imaging was conducted for both COS 7
and HCT 116 cells (Figure 21 and Figure C-3, Appendix C). Excitation at 920 nm was employed
due to the relatively strong 2PA cross section at this wavelength while the emission range was
same as in 1PFM (700−800 nm). Consistent with high value of FM, 2PFM images exhibited high
resolution and contrast, as well as nearly identical localization with 1PFM images.
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Figure 21: Images of HCT 116 cells incubated with DDC (10 μM, 4 h). (a) DIC image, (b) one-photon
fluorescence image, and (c) two-photon fluorescence image.

3.3.3 Characterization of RGD-Modified SDC-Doped SiNPs
The average size and size distribution of SDC-SNP and RGD-SDC-SNP were
determined by dynamic light scattering (DLS). As presented in Figure C-5 (Appendix C), the
average diameters of SDC-SNP and RGD-SDC-SNP were ca. 66 nm and 62 nm, respectively,
which indicates that the RGD conjugation did not exert a significant effect on the size and
distribution of the nanoparticles.
To examine surface charges of the dye-doped SiNPs, zeta potential measurements were
conducted with SDC-SNP and RGD-SDC-SNP. Both nanoparticles exhibited moderate negative
zeta potentials of -33 mV (SDC-SNP) and -26 mV (RGD-SDC-SNP), suggesting that the
surface of nanoparticles dispersed in water was dominantly negatively charged. Furthermore, it is
worth noting that the zeta potential slightly increased after surface modification of SDC-SNPs
with the RGD peptide.
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3.3.4 RGD Receptor-Targeted in Vitro and ex Vivo 1PFM and 2PFM Imaging with SiNPs
To evaluate the selectivity of RGD-functionalized SDC-doped SiNPs, we used U87MG
human glioma cells for cell imaging as these cells overexpress integrin receptors.87-90 The cells
directly incubated with RGD-SDC-SNP were used as a positive control, while the cells preincubated with free RGD and then incubated with the nanoparticle probe were employed as a
negative (saturation) control. Cell images without RGD-SDC-SNP showed virtually no
fluorescence (Figure 22(a) and (d)). Bright fluorescence was clearly observed in the
nanoparticle-incubated cells (Figure 22(b) and (e)). In contrast, the cells with integrin receptors
blocked by free RGD barely exhibited fluorescence (Figure 22(c) and (f)). These results
demonstrated that the uptake of RGD-functionalized SiNPs by U87MG cells is mediated
specifically by integrin receptors, and that receptor-mediated endocytosis can enhance the
efficiency of the cellular uptake of the nanoprobe.
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Figure 22: One-photon fluorescence (a-c) and DIC overlay (d-f) images in U87MG cells. Control group
(a, d), RGD-SDC-SNP incubated group (b, e), and RGD-blocked group (c, f). 10 μm scale bar

To further assess the selectivity of RGD-SDC-SNP to integrin receptors in tissues, we
stained histological sections of Lewis lung carcinoma (LLC) mouse tumors with the nanoprobe.
The LLC tumor implants were used for this study as integrins are overexpressed in the
vasculature of these tumors.101 The two-photon fluorescence images demonstrated staining of
LLC tumors with strong signal from vessel like structures (Figure 23), suggesting that the
specific binding of RGD-functionalized SiNPs to integrins can be used to visualize tumor
interior. Thus, the two-photon fluorescent nanoprobe is promising for in vivo imaging of tumors
due to its large fluorescence quantum yield, near IR emission, and RGD-mediated specific tumor
targeting.
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Figure 23: 2PFM images of tumor tissue co-stained with RGD-SDC-SNP (red) and Hoechst (green) in
the view of X-Y plane (a, b) and 3D reconstruction (c, d).

3.4 Conclusion
In this study, we report novel two-photon absorbing NIR fluorescent BODIPY
derivatives (DDC and SDC) for 1PFM and 2PFM bioimaging. The linear and nonlinear
photophysical properties of the dyes were studied in organic solvents and compared to those of
commercially available LT Red in DMSO. Both DDC and SDC dyes have extraordinary
characteristics, such as good photostability and high 2PA cross sections, all leading to excellent
FM values, over LT Red. 1PFM and 2PFM was conducted with COS 7 and HCT 116 cells in
order to demonstrate the selectivity of DDC to lysosomes. DDC exhibited not only low
cytotoxicity but also high lysosomal specificity in both cells. These results suggest that the new
54

DDC probe is promising for future lysosome-related studies. To address the potential of SDC for
fluorescence tissue imaging, SDC-encapsulated SiNPs were synthesized and characterized. For
specific delivery of the nanoprobe to the tumor, the surface of the SiNPs was modified with a
cyclic RGD peptide. As determined by 1PFM and 2PFM, the uptake of RGD-functionalized dyedoped SiNPs by cells was RGD-dependent. Therefore, this nanoprobe possesses promising
potential for in vivo fluorescence imaging of angiogenesis and RGD receptor-overexpressed
cancers.
3.5 Experimental Section
3.5.1 Synthesis
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Scheme 2: Synthesis of SDC and DDC.
The intermediates SPC and DPC are our newly reported fluorophores and they were synthesized as
reported previously.102

3.5.1.1 SDC
Under a nitrogen atmosphere, CuSO4·5H2O (2.8 mg, 0.012 mmol) in H2O (1 mL) and
Na-ascorbate (4.2 mg, 0.022 mmol) in H2O (1 mL) followed by DIPEA (30 μL, 0.174 mmol) are
added to a solution of Newkome dendrimer (52 mg, 0.106 mmol) in EtOH (8 mL). Then a
solution of SPC (59 mg, 0.086 mmol) in toluene (20 mL) is slowly added dropwise to the
mixture in the absence of light. The reaction mixture was stirred in the dark for 12 h at RT. Still
in the absence of light, the solvent was evaporated off under vacuum and the product is purified
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by silica gel column chromatography using 2:1 hexanes: ethyl acetate as the eluent yielded the
desired product SDC as purple solid. (96 mg, 96%). m.p. 158−161 °C. 1H NMR (400 MHz,
CDCl3) δ 8.30 (s, 1H), 8.16 (d, 1H), 7.87 (d, 2H), 7.82−7.76 (m, 2H), 7.53−7.44 (m, 4H),
7.40−7.32 (m, 2H), 7.10 (d, 2H), 6.78 (s, 1H), 6.67 (s, 1H), 6.01 (s, 1H), 5.66 (s, 2H), 4.80 (s,
2H), 2.62 (s, 3H), 2.15 (t, 6H), 1.91 (t, 6H), 1.49 (s, 3H), 1.44 (s, 3H), 1.40 (s, 27H).

13

C NMR

(100 MHz, CDCl3) δ 172.9, 172.8, 163.9, 163.3, 154.5, 154.2, 140.8, 140.5, 138.3, 130.3, 126.5,
126.3, 123.7, 123.1, 120.9, 120.8, 120.1, 109.5, 109.2, 94.1, 81.1, 81.0, 65.8, 58.2, 53.1, 39.0,
30.6, 29.9, 29.7, 28.1,19.2, 15.0, 13.8. m/z (TOF MS ES): Calcd M+ for C59H69BIF2N7O7:
1163.4364, found: 1163.4388
3.5.1.2 DDC
Under a nitrogen atmosphere, CuSO4·5H2O (5.6 mg, 0.024 mmol) in H2O (1 mL) and
Na-ascorbate (8.4 mg, 0.044 mmol) in H2O (1 mL) followed by DIPEA (60 μL, 0.348 mmol) are
added to a solution of Newkome dendrimer (104 mg, 0.212 mmol) in EtOH (8 mL). Then a
solution of DPC (75 mg, 0.086 mmol) in toluene (20 mL) is slowly added dropwise to the
mixture in the absence of light. The reaction mixture was stirred in the dark for 12 h at RT. Still
in the absence of light, the solvent was evaporated off under vacuum and the product is purified
by silica gel column chromatography using 1:1 hexanes: ethyl acetate as the eluent yielded the
desired product DDC as green solid. (153 mg, 95%). m.p. 134−139 °C. 1H NMR (400 MHz,
CDCl3) δ 8.36 (s, 2H), 8.21 (d, 2H), 7.87 (d, 2H), 7.82−7.76 (m, 4H), 7.54−7.48 (m, 8H), 7.40 (s,
2H), 7.32 (t, 2H), 7.13 (d, 2H), 6.78 (s, 2H), 6.70 (s, 2H), 5.66 (s, 4H), 4.82 (s, 4H), 2.14 (t, 12H),
1.91 (t, 12H), 1.51 (s, 6H), 1.40 (s, 54H).

13

C NMR (100 MHz, CDCl3) δ 172.8, 163.9, 153.1,

144.4, 140.7, 140.6, 138.2, 130.7, 126.5, 126.4, 123.8, 123.4, 123.2, 120.9, 120.2, 120.0, 117.8,
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116.8, 109.2, 100.0, 94.7, 81.0, 65.6, 58.2, 53.1, 39.0, 30.6, 29.9, 29.7, 28.1,19.2, 15.0, 13.8. m/z
(TOF MS ES): Calcd [M+H]+ for C99H120BIF2N12O14: 1877.8153, found: 1877.8044.
3.5.2 Linear Optical Properties
Linear absorption was determined with an Agilent 8453 UV-visible spectrophotometer.
Fluorescence emission spectra were obtained by using a PTI Quantamaster spectrofluorimeter
with a Hamamatsu R928 photomultiplier tube (PMT). Fluorescence emission spectra were
corrected on the spectral sensitivity of the PMT. All measurements were performed using 10 mm
spectrofluorometric quartz cuvettes in spectroscopic grade toluene (TOL), dichloromethatne
(DCM), dimethyl sulfoxide (DMSO), acetonitrile (ACN), or ultrapure deionized water.
Fluorescence quantum yields were determined in low concentration solutions (C ≤ 10-6 M) by a
standard relative method with cresyl violet in methanol as a reference. The equation used is as
follows;98
(2)
where ФFL is the fluorescence quantum yield, the subscript R refers to the reference, I is the integrated
emission signal, OD is the optical density at the excitation wavelength, n is the refractive index of the
solvent, and RP is the relative power of the light source of the spectrofluorimeter at the excitation
wavelength.

Excitation anisotropy spectra were obtained with two Glan-Thomson polarizers in the Lformat configuration in viscous polytetrahydrofuran (pTHF). The value of anisotropy was
determined by Equation 3;98
(

)

(3)

where r is the value of anisotropy, G is a factor which is the ratio of the sensitivities of the detection
system for vertically and horizontally polarized light, the subscript V and H refer to vertically and
horizontally polarized light, respectively.
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3.5.3 Nonlinear Optical Properties
Two-photon absorption (2PA) cross sections of DDC and SDC dyes in DMSO were
measured by the open aperture Z-scan method using a femtosecond laser system (Coherent,
Inc.).103 The output of a Ti:sapphire laser (Mira 900-F, tuned to 800 nm, with a repetition rate 76
MHz, average power ~1.1 W and pulse duration ~200 fs), pumped by the second harmonic of
Nd3+:YAG laser (Verdi-10), was regeneratively amplified with a 1 kHz repetition rate (Legend
Elite USP) providing ~100 fs pulses (FWHM) with energy ~3.6 mJ/pulse. This output at 800 nm
was split into two separate beams and pumped two ultrafast optical parametric amplifiers
(OPerA Solo (OPA), Coherent Inc.) with a tuning range 0.24−20 μm, ~100 fs (FWHM), and
pulse energies up to ~100 μJ. A single laser beam from the first OPA was used for the open
aperture Z-scan method (Figure 24).104 The 2PA measurements were performed in 1 mm
spectrofluorometric quartz cuvettes with concentration of 10-3 M ≤ C ≤ 10-2 M at room
temperature.
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Figure 24: Z-scan experiment setup, (1) 100% reflection mirrors, (2) focusing lens, (3) pinhole, (4)
neutral density filter, and (5) beam splitter.

3.5.4 Photostability
Photochemical stability measurements of DDC, Lysotracker Red (LT Red, Invitrogen,
Carlsbad, CA, USA), SDC in DMSO, and SDC-SNP in water were conducted by calculating
photodecomposition quantum yield (η). DDC solution was irradiated with a 650 nm diode laser
at 110 mW, whereas a 532 nm diode laser at 35 mW was employed for LT Red. The
photostability of SDC and SDC-SNP were measured by irradiation of solutions using a 532 nm
diode laser at 95 mW. The measurements were performed in 1 mm path length quartz cuvettes
and photochemical decomposition quantum yields were determined as follows;100
(4)

⁄

where η is the photochemical decomposition quantum yield, A1 is absorbance maximum at t1, A0 is
absorbance maximum at t0, NA is Avogadro’s number, ε is molar absorbance in M-1·cm-1, (t1-t0) is time
exposed (s), and I is the intensity of laser in photon·cm-2·s-1.
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3.5.5 Preparation and Characterization of Dye-encapsulating SiNPs
Mercapto-terminated SiNPs with SDC were synthesized according to the method
described by Prasad et al. with moderate modification.105 Briefly, the nanoparticles were
synthesized in the nonpolar core of Tween 80 micelles in deionized water. N-Methyl-2pyrrolidone (NMP, Sigma-Aldrich) was used as a hydrophilic solvent which has unlimited water
miscibility as well as suitable solubility for SDC. First, 0.2 g of the surfactant Tween 80 (SigmaAldrich) was dissolved in 2 mL deionized water with magnetic stirring, forming an oil-in-water
microemulsion. Pre-polymerized silica solution was prepared by mixing 1.0 g of (3Mercaptopropyl)trimethoxysilane (MPTS, Sigma-Aldrich) and 0.2 mL 30% Ammonium
hydroxide with 10 mL NMP, stirring for 24 h. 0.3 mg of the dye was dissolved in 0.2 mL NMP,
followed by addition of 0.02 mL of pre-polymerized MPTS solution. The mixture of dye-MPTS
solution was then added into oil-in-water microemulsion dropwise with stirring. After stirring the
reaction mixture for 24 h, the polymerized nanoparticles were purified by dialysis against
deionized water in a 10 kDa cutoff cellulose membrane (Thermo Slide-A-Lyzer® 10K cut off
dialysis cassettes, Fisher Inc.) for 48 h to remove surfactant and other unreacted molecules. The
dialyzed solution was then filtered through a 0.22 μm cutoff membrane filter (Fisher Inc.) and
stored at 4 °C for later use.
To functionalize SiNPs with RGD peptides, mercapto-terminated SiNPs were first
reacted with 6-maleimidohexanoic acid N-hydroxysuccinimide ester (MAL-SCM, SigmaAldrich). Specifically, 0.5 mg MAL-SCM was dissolved in 0.1 mL NMP. This solution was then
added into 1 mL mercapto-terminated SiNP solution with stirring. After stirring for 1 h,
unreacted MAL-SCM was removed by dialysis against deionized water in a 10 kDa cutoff
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cellulose membrane for 48 h. Subsequently, 0.5 mg RGD was dissolved in 0.1 mL of PBS (20×,
pH 7.4) and added into MAL-terminated SiNP solution. After stirring for 1 h, the unreacted RGD
was removed by dialyzing against deionized water in a 10 kDa cutoff cellulose membrane for 48
h. Finally, the dialyzed solution was filtered through a 0.22 μm cutoff membrane filter and stored
at 4 °C for later use.
The particle size and zeta potential of SDC-SNP and RGD-SDC-SNP were measured
with Zetasizer Nano-ZS90 (Malvern Instruments). The zeta potential was automatically
calculated by determining electrophoretic velocity.
3.5.6 Cytotoxicity Assay
COS 7 and HCT 116 cells (America Type Culture Collection, Manssas, VA, USA) were
cultured in Dulbecco’s modified Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA, USA) and
RPMI-1640 (Invitrogen, Carlsbad, CA, USA) media, respectively, supplemented with 10% fetal
bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA, USA), and 1% penicillinstreptomycin (Atlanta Biologicals, Lawrenceville, GA, USA) at 37 °C in a 95% humidified
atmosphere containing 5% CO2. Both COS 7 and HCT 116 cells were prepared for cell viability
studies in 96-well plates (5×103 cells per well). The cells were incubated for an additional 22 h
with DDC in various concentrations. The dye was first dissolved in DMSO at a concentration of
~3×10-4 M and then, diluted with the appropriate medium. Subsequently, 20 μL of CellTiter 96®
Aqueous One Solution reagent (MTS assay) was added into each well, followed by further
incubation for 2 h at 37 °C. The relative viability was determined by measuring the MTSformazan absorbance on a microplate reader (Spectra Max M5, Molecular Devices, Sunnyvale,
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CA, USA) at 490 nm with subtraction of the absorbance of the cell-free blank volume at 490 nm.
The results from three individual experiments were averaged.
3.5.7 Uptake of DDC by Cancer Cells
COS 7 and HCT 116 cells were placed onto poly-D-lysine-coated coverslips in 24-well
plates (4×104 cells per well), and the cells were incubated for 48 h before incubating with DDC.
From a stock solution (see above) of the dye, 5, 10, or 20 μM solutions were freshly prepared
with medium, while a 100 nM solution of LT Red was used for colocalization study. Cells were
incubated for 1, 2, or 4 hours with the dye and 2 hours with LT Red. After incubation, the cells
were washed with PBS three times, fixed with 3.7% formaldehyde in PBS at room temperature
for 10 min, and treated twice with NaBH4 (1mg/mL) in PBS at room temperature for 15 min
each time. The cells were then washed with PBS twice and with water once. Finally, the cover
slips were mounted on microscopy slides with ProLong® Gold (Invitrogen, Carlsbad, CA, USA)
mounting reagent for imaging.
3.5.8 Uptake of SiNPs by Cancer Cells
U87MG cells were seeded on poly-D-lysine-coated glass coverslips and incubated for 48
h. For RGD-blocked control group, 0.2 mg/mL RGD was added into cells 15 min in advance,
and subsequently, free RGD was washed away with PBS. RGD-functionalized SDC-doped
SiNPs were diluted into 5 μM and then added into cells. The cells were washed with PBS three
times, fixed with 3.7% formaldehyde in PBS after 1 h incubation with RGD-SDC-SNP. The
coverslips were mounted on microscopy slides with ProLong® Gold antifade reagent.
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3.5.9 Ex Vivo Studies
C57BL/6 mice were purchased from Harlan. 0.5×106 Lewis lung carcinoma (LLC) cells
were injected into the flank. 14 days later, tumors were collected, fixed in 4% paraformaldehyde
and embedded into Tissue-Tek® O.C.TTM. Tumors were then sectioned at 10 μm thickness.
To stain tumor tissue, slides were first immersed in 100, 95, 70, and 50% ethanol (EtOH)
in sequence, each for 10 min. Then, the slides were rinsed with deionized water and rehydrate
with PBS buffer for 10 min. After rehydration, 1% bovine serum albumin (BSA) in PBS was
added first on top of tissues for 10 min to block non-specific staining. RGD-SDC-SNP was then
applied at 5 μM for 30 min and the slides were washed with PBS buffer three times. Finally, the
slides were mounted with ProLong Gold® antifade reagent.
3.5.10 One-photon Fluorescence Microscopy (1PFM) and Two-photon Fluorescence
Microscopy (2PFM) Lysosomal Imaging
One-photon and two-photon fluorescence microscopy imaging with a 63× water
immersion objective (Leica 506279) were recorded on a Leica TCS SP5 II confocal microscope
system coupled to Coherent Chameleon Vision S Ti:sapphire laser with repetition rate ~80 MHz
and ~70 fs (FWHM). Visible lasers in Leica TCS SP5 II system were employed for 1PFM, while
the Coherent Chameleon system was used for 2PFM. The excitation wavelength for DDC was
633 nm while collecting the emission between 700 and 800 nm. For LT Red, 561 nm was used
for the excitation wavelength and the emission was collected from 570 to 670 nm.
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3.5.11 RGD Receptor-Targeted in Vitro and ex Vivo 1PFM and 2PFM Imaging with SiNPs
One-photon fluorescence cell images were obtained using an Olympus IX70 DSU
microscope coupled with a 100 W mercury lamp. Fluorescence was collected with a TexRed
filter cube (Ex 562/40, DM 593, Em 654/40).
The fluorescence imaging of ex vivo tissue sections was performed with Leica SP5 II
microscope. The nuclei of the sectioned tissues were stained with Hoechst. For 2PFM imaging,
the nanoparticles were excited at 780 nm to avoid the excitation of Hoechst. Scanned images
were then processed with Amira software for a 3D visualization.
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CHAPTER 4. IN VITRO PHOTODYNAMIC STUDIES OF NOVEL
BODIPY DYE
4.1 Abstract
A new halogenated BODIPY dye was designed as photodynamic therapy (PDT) agent
and its photophysical properties were characterized. The dye, having two iodine atom
substitutents, exhibited low fluorescence quantum yield (ΦFL) of 0.02, providing high singlet
oxygen generation quantum yield (Φ∆) of 0.93. Furthermore, in vitro photodynamic activities
were evaluated to assess the potential of using the dye for PDT. Propidium iodide (PI)
fluorescence assay and live cell imaging in LLC cells demonstrated that photosensitization of the
agent can induce cellular damage, subsequently leading to cell death by necrosis.
4.2 Introduction
Photodynamic therapy (PDT) has emerged as a potential modality for the treatment of a
variety of cancers. By combining PDT agents with light and oxygen, the light-activated
photosensitizers transfer energy to surrounding oxygen molecules (3O2), resulting in the
formation of reactive oxygen species (ROS), such as singlet oxygen (1O2). The generated ROS
can induce cellular damage, leading to cell death by apoptotic and/or necrotic process.4, 6, 7 As
1

O2 plays key roles in PDT therapeutic efficacy, it is essential that the optimized photosensitizers

possess high efficiency of singlet oxygen generation (SOG) together with minimal dark toxicity
and high photostability. In an effort to develop efficient PDT agents, heavy-atom effects have
been considered as an effective approach to enhance intersystem crossing (ISC) in several
chromophores.5, 106
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The 4,4-difluoro-4-bora-3a,4a,-diaza-s-indacene (BODIPY) chromophore, since its first
discovery,107 has gained substantial attention. BODIPY dyes have extraordinary photophysical
properties including generally high fluorescence quantum yields, excellent photostability, and
high extinction coefficient (molar absorptivity).39, 79, 108 Having readily tunable characteristics,
these compounds have been widely studied for various applications such as fluorescent probes
for one-photon and two-photon fluorescence bioimaging,102, 109 sensors for various analytes,110112

and sensitizers for dye-sensitized solar cells (DSSC).113,

114

Recently, there have been

considerable research efforts in developing BODIPY dyes for PDT. By introducing heavy atoms,
such as halogens, to the BODIPY core, BODIPY derivatives showed improved SOG, which
renders them to be potential photosensitizers for PDT.115-117 This is most likely due to the
internal heavy-atom effect that enhances spin-orbit coupling and consequently, the efficiency of
ISC from an excited singlet state (S1) to an excited triplet state (Tn).5
In this study, we report not only the synthesis of a novel halogenated BODIPY dye (BDP
3), but the analysis of its photophysical properties including SOG. In order to demonstrate
preliminary potential PDT efficacies of the agent, in vitro photodynamic activities were
conducted.
4.3 Results and Discussion
The synthesis of BDP 3 began with 4-hydroxybenzaldehyde, which was used to prepare
compound

1

(4,4-difluoro-8-(4-hydroxyphenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene), a BODIPY derivative (Scheme 3). According to a literature procedure,118 1 was
prepared via a condensation reaction of 4-hydroxybenzaldehyde with 2,4-dimethylpyrrole in
CH2Cl2 in the presence of a catalytic amount of trifluoroacetic acid at room temperature,
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followed by an oxidation reaction with DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) and a
subsequent chelation reaction with BF3·OEt2 in the presence of triethylamine at room
temperature. Then, it reacted with triethyleneglycol monotosylate in the presence of potassium
carbonate to produce compound 2 in acetonitrile. Iodination of 2 with N-iodosuccinimide in the
dark

at

room

temperature

afforded

BDP

3

(4,4-difluoro-8-(4-{2-[2-(2-

hydroxyethoxy)ethoxy]ethoxy}phenyl)-1,3,5,7-tetramethyl-2,6-diiodo-4-bora-3a,4a-diaza-sindacene) as a red solid.

Scheme 3: Synthetic route for BDP 3.
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The photophysical properties of BDP 3 were characterized to assess the potential as an
efficient PDT agent and are summarized in Table 5 along with those of Acridine, a commonly
used photosensitizer for oxidative stress studies,119, 120 for comparison purposes. As shown in
Figure 25(A), BDP 3 in acetonitrile (ACN) exhibited sharp steady-state absorption and
fluorescence emission spectra with a fluorescence quantum yield (ΦFL) of 0.02. The low
fluorescence quantum efficiency of the dye can be attributed to the introduction of two iodine
atoms at the 2- and 6- positions, which enhances the ISC efficiency from an excited singlet state
(S1) to an excited triplet state (Tn). Additionally, the ability of the agent to generate 1O2 was
assessed by a direct measurement of near-infrared luminescence at 1270 nm. As presented in
Figure 25(B), BDP 3 exhibited characteristic luminescence of 1O2 at 1270 nm with a singlet
oxygen generation quantum yield (Φ∆) of 0.93, which is higher than that of Acridine. This result
is a clear indication that BDP 3 is potentially promising as a PDT agent.

Table 5: Photophysical Properties for BDP 3 and Acridine
Dye

BDP 3

Acridine

Solvent

ACN

ACN

λAbs (nm)

528 ± 1

356 ± 1

λEm (nm)

546 ± 1

403 ± 1

∆λ (nm)

18 ± 2

47 ± 2

εmax × 10-3 (M-1 cm-1)

75.5 ± 8

9.3 ± 1

ΦFL

0.02 ± 0.002

ND

Φ∆

0.93 ± 0.09

0.82 ± 0.08

Maxima of Absorption λAbs and Fluorescence λEm, Stokes shift ∆λ, Maximum molar absorptivity εmax,
Fluorescence quantum yield ΦFL, and Singlet oxygen generation quantum yield Φ∆. ND, not determined.
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Figure 25: (A) Normalized absorption (black), emission (red), and excitation (green) spectra of BDP 3 in
ACN. (B) Near-infrared singlet oxygen luminescence spectra of BDP 3 (red) and Acridine (black) in
ACN.

In vitro photodynamic activities of BDP 3 were evaluated against LLC cells, a Lewis
lung carcinoma cell line. First, dark cytotoxicity with the dye concentration ranging from 1 to 20
μM and photoinduced cytotoxicity of the photosensitizer were assessed via an MTS assay. As
shown in Figure 26(A), cell viability remained over 70% until 15 μM, providing good cellular
biocompatibility of the agent. At the dye concentration of 10 μM with a light dose of 2.1 J/cm2,
~50% of the cells appeared to be killed indicating highly efficient light-induced toxicity of the
agent (Figure 26(B)).
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Figure 26: (A) Dark cytotoxicity toward LLC cells after incubation with increasing concentrations of
BDP 3. (B) Cell viability of LLC cells in the absence (blue) or presence (red) of 10 μM of BDP 3 under a
different period of irradiation time in the spectral range 502-542 nm.

Furthermore, PDT-induced cell necrosis was demonstrated by a propidium iodide (PI)
fluorescence assay. The PI, a membrane impermeant marker, can stain only dead cells and
becomes fluorescent mainly due to the loss of membrane integrity.121 Control cells without BDP
3 exhibited healthy morphology and negative staining with PI (Figure 27(A) to (C)), suggesting
irradiation alone in this wavelength range is nontoxic to the cells. In contrast, the cells treated
with the combination of BDP 3 and irradiation showed red fluorescence from PI (Figure 27(D)
to (F)). These results suggest that photosensitization of the agent can induce cellular damage,
subsequently leading to cell death by a necrotic mechanism.
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Figure 27: Differential interference contrast, DIC, (A, D) and confocal fluorescence (B, E) images of
LLC cells stained with propidium iodide after irradiation in the absence (A−C) or presence (D−F) of BDP
3. Scale bars show 50 μm.

Finally, we examined time-lapsed live cell imaging to provide insight on cell
morphological changes. Cells incubated with BDP 3 showed cell swelling-like activities, a
characteristic of necrosis, immediately after irradiation (Figure 28(C) and (D)). Eight minutes
after irradiation, all the cells in the observation window appeared to undergo necrosis, supporting
that cell death is not caused via an apoptotic mechanism. As shown in Figure 28(A) and (B),
control cells without the dye exhibited no detectable cellular damage, even 30 min after
irradiation, confirming nontoxicity of the light alone.
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Figure 28: DIC images of LLC cells after irradiation in the absence (A, B) or presence (C, D) of BDP 3.
Scale bars show 100 μm.

4.4 Conclusion
In conclusion, we developed a novel photosensitizer, BDP 3, and assessed its in vitro
photodynamic activities. The photophysical properties, including Φ∆, were characterized and
compared to those of Acridine, a commonly used photosensitizer. The introduction of heavy
halogen atoms to the BODIPY core was designed to enhance the efficiency of ISC, and resulted
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in higher Φ∆ for BDP 3 than that of Acridine. Moreover, the dye exhibited significant PDTinduced cell necrosis along with minimal dark toxicity, strongly suggesting that BDP 3 is a
promising candidate as a PDT agent.
4.5 Experimental Section
4.5.1 Synthesis
4.5.1.1 General
All reagents and solvents were purchased from commercial suppliers and used without
further purification. Triethyleneglycol monotosylate122 and compound 1118 were prepared
according to their respective literature reports. Flash column chromatography was performed on
a CombiFlash® Rf+ automated flash chromatography using RediSep Rf Gold® normal-phase HP
silica columns. 1H and

13

C NMR spectra were carried out in CDCl3 solution on a Bruker

AVANCE spectrometer (400 MHz).
4.5.1.2 Synthesis of 4,4-difluoro-8-(4-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}phenyl)-1,3,5,7tetramethyl-4-bora-3a,4a-diaza-s-indacene (2)
A mixture of 1 (3.40 g, 10 mmol), triethyleneglycol monotosylate (4.57 g, 15 mmol), and
K2CO3 (2.76 g, 20 mmol) in 100 mL dry acetonitrile was heated to reflux for 20 h under argon
atmosphere. After cooling to room temperature, the solvent was removed under reduced pressure.
The residue was added 100 mL water and extracted with CH2Cl2 (100 mL×2). The organic layer
was washed with brine (100 mL×2), dried over MgSO4, and evaporated. The crude mixture was
purified by flash column chromatography using 0.4% methanol/CH2Cl2, giving the desired
compound 2 as a red liquid (3.81 g, 80.7%). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.16 (d, J =
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8.6 Hz, 2H), 7.03 (d, J = 8.6 Hz, 2H), 5.97 (s, 2H), 4.21 – 4.17 (m, 2H), 3.93–3.89 (m, 2H),
3.78–3.72 (m, 6H), 3.66–3.62 (m, 2H), 2.55 (s, 6H), 2.33 (t, J = 6.1 Hz, 1H), 1.42 (s, 6H). 13C
NMR (101 MHz, CDCl3): δ (ppm) 159.43, 155.42, 143.30, 141.91, 131.97, 129.34, 127.47,
121.25, 115.32, 77.48, 77.16, 76.84, 72.58, 71.01, 70.54, 69.87, 67.57, 61.95, 14.73. HRMS (ESI,
m/z): calcd for C25H31BF2N2O4 ([M+H]+) 473.2422; found 473.2436.
4.5.1.3 Synthesis of 4,4-difluoro-8-(4-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}phenyl)-1,3,5,7tetramethyl-2,6-diiodo-4-bora-3a,4a-diaza-s-indacene (3)
To a solution of 2 (3.78 g, 8.0 mmol) in 50 mL anhydrous CH2Cl2 was added Niodosuccinimide (NIS) (3.69 g, 16.4 mmol), and the resulting mixture was stirred for 8 h in the
dark at room temperature. Then the reaction mixture was diluted with 50 mL CH2Cl2 and washed
with brine (100 mL×2). The organic layer was dried over MgSO4, and concentrated under
reduced pressure. The residue was purified by flash column chromatography using 0.3%
methanol/CH2Cl2 as the eluent to give compound 3 (BDP 3) as a red solid (5.29 g, 91.3%). 1H
NMR (400 MHz, CDCl3): δ (ppm) 7.12 (d, J = 8.7 Hz, 2H), 7.05 (d, J = 8.7 Hz, 2H), 4.23–4.17
(m, 2H), 3.95–3.89 (m, 2H), 3.79–3.72 (m, 6H), 3.67–3.61 (m, 2H), 2.63 (s, 6H), 2.42 (s, 1H),
1.43 (s, 6H).

13

C NMR (101 MHz, CDCl3): δ (ppm) 159.82, 156.69, 145.48, 141.62, 131.82,

129.20, 127.06, 115.61, 85.65, 77.48, 77.16, 76.84, 72.58, 70.99, 70.48, 69.79, 67.61, 61.90,
17.31, 16.13. HRMS (MALDI-TOF, m/z): calcd for C25H29BF2I2N2O4 ([M+H]+) 724.0276;
found 724.0297.
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4.5.2 Photophysical Properties
4.5.2.1 Spectroscopic Characterization
Linear spectroscopic measurements of all materials were investigated in 10 mm path
length quartz cuvettes at room temperature. Steady-state absorption was measured with an
Agilent 8453 UV-visible spectrophotometer. Fluorescence emission and excitation spectra were
obtained using an Edinburgh Photonics FLS980 spectrometer equipped with a thermoelectrical
cooled photomultiplier (Hamamatsu). All the measurements were carried out with the optical
density below 0.12 at excitation wavelength to avoid reabsorption. The excitation and
fluorescence emission spectra were corrected for the spectral sensitivity of Edinburgh Photonics
excitation and detection system by using factory measured correction files.
Fluorescence quantum yields were determined by a standard relative method (Equation 2
in Chapter 3) with Rhodamine 6G (ΦFL ≈ 0.94 in ethanol) as a reference.98
4.5.2.2 Quantum Yields Determination for Singlet Oxygen Generation (Φ∆)
Singlet oxygen generation quantum yields were determined using a direct measurement
of near-infrared luminescence at 1270 nm.123-125 The 1270 nm singlet oxygen emission was
monitored by Edinburgh Photonics FLS980 spectrometer equipped with a liquid nitrogen cooled
NIR-photomultiplier (Hamamatsu) with a long-pass filter (780LP). The single oxygen
measurements of BDP 3 in acetonitrile (ACN) were carried out with the optical density of 0.4 at
excitation wavelength, while Acridine in ACN (Φ∆ ≈ 0.82)126 was used as a reference.
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4.5.3 Cytotoxicity Assay
LLC cells, a Lewis lung carcinoma cell line, were cultured in Dulbecco’s modified
Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS, Atlanta Biologicals, Lawrenceville, GA, USA), and 1% penicillin-streptomycin
(Atlanta Biologicals, Lawrenceville, GA, USA) at 37 °C in a 95% humidified atmosphere
containing 5% CO2. The LLC cells were prepared for cell viability studies in 96-well plates
(5×103 cells per well). The cells were incubated for an additional 24 h with 10 μM BDP 3. The
dye was first dissolved in DMSO at a concentration of ~1×10-3 M and then, diluted with the
medium. After incubation, the cells were washed with PBS three times and fresh medium was
added into each well. Subsequently, the cells were irradiated with a light dose of 3.5 mW/cm 2
from a filtered light source (522 ± 40 nm) for a different period of time. Following irradiation,
the cells were further incubated for 22 h and then, 20 μL of CellTiter 96® Aqueous One Solution
reagent (MTS assay) was added into each well, followed by further incubation for 2 h at 37 °C.
The relative viability was determined by measuring the MTS-formazan absorbance on a
microplate reader (Spectra Max M5, Molecular Devices, Sunnyvale, CA, USA) at 490 nm with
subtraction of the absorbance of the cell-free blank volume at 490 nm. In addition to
photoinduced cytotoxicity assay, dark cytotoxicity assay was conducted with the dye
concentration range from 1 μM to 20 μM. Each assay was performed three times and the results
from three individual experiments were averaged.
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4.5.4 In Vitro Photosensitization Assay
LLC cells were incubated for 24 h with 5 μM BDP 3 on poly-D-lysin coated glassbottomed petri dishes. The cells were then washed with PBS three times. Petri dishes were filled
with fresh medium and irradiated with a mercury lamp (0.6 mW/cm2) with a band pass filter
(HQ522/40, Chroma Tech.Corp) for 10 min. Control cells were irradiated with the same power
of light, but no BDP 3 incubation in advance. Followed by 24 h incubation, the cells were further
incubated with propidium iodide (PI) for 10 min. Glass bottoms were mounted with ProLong ®
Gold antifade reagent (Invitrogen, USA). Images were taken with Olympus IX-81 confocal
microscope coupled with a 100 W mercury lamp. Fluorescence was collected using a TexRed
filter cube (Ex 562/40, DM 593, Em 654/40).
4.5.5 Live Cell Imaging
LLC cells were incubated for 24 h with 5 μM BDP 3 on poly-D-lysine coated 40 mm
coverslip. Coverslip was then washed with PBS three times and mounted onto bioptics live cell
imaging chamber with warm culture medium. After irradiation with a mercury lamp (0.2
mW/cm2) which was filtered with a band pass filter (HQ522/40) for 5 min, the cells were imaged
with Olympus IX-81 DSU microscope at 1 min intervals for 30 min in DIC channel. Control
cells were irradiated with the same power of light, but no BDP 3 incubation in advance.
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Figure B-1: Absorption (a) and fluorescence (b) spectra of SPC in different solvents.

Figure B-2: Absorption (a) and fluorescence (b) spectra of DC-SPC in different solvents.
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Figure B-3: Absorption (a) and fluorescence (b) spectra of DPC in different solvents.

Figure B-4: Absorption (a) and fluorescence (b) spectra of DC-DPC in different solvents.
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Figure B-5: Absorption (a) and fluorescence (b) spectra of DC-DPC-PPh3 in different solvents.
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Figure B-6: Linear and nonlinear optical spectra of DC-DPC-PPh3 in DCM (1 GM (Göppert Mayer) =
10-50·cm4∙s∙photon-1). Linear absorption (black), emission (red), excitation anisotropy (blue) spectra, and
2PA cross sections (green circles).
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Figure B-7: (a) Absorbance (solid) and fluorescence (dash) spectra of Cy5 in CHCl3. (b) Structure of Cy5.
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Figure B-8: The HOMO and LUMO electron distribution of SPC, DC-SPC and DPC.
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Figure B-9: Fluorescence image of MCF-7 cells costained with DC-SPC-PPh3 and Rh-123. (A) 1PFM
image of MCF-7 stained with Rh-123 (25 nM) (λex = 488 nm, λem = 500−560 nm, pseudo-color green). (B)
1PFM image of MCF-7 incubated with DC-SPC-PPh3 (37.5 nM) (λex = 559 nm, λem = 600−660 nm,
pseudo-color red). (C) Overlay of (A), (B) and brightfield. (D) Simulate image (the white pixels
represented by the scatter plot (E) is on the up right corner. Pearson’s coefficient 0.863). (E) Intensity
correlation plot of stain Rh-123 and DC-SPC-PPh3. (F) Intensity profile of region of interest (ROI) cross
MCF-7 cell.
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Figure B-10: Viability of HCT 116 cells with DC-DPC-PPh3.
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Figure B-11: Colocalization images of HCT 116 cells incubated with DC-DPC-PPh3 (1 uM, 4 h) and
Lysotracker Red (100 nM, 1 h). (a) differential interference contrast (DIC) image, (b) channel to observe
DC-DPC-PPh3, (c) channel to observe Lysotracker Red, (d) overlaid image of panels b and c, (e)
fluorescence intensity distribution through green line in panel d (Manders’ colocalization coefficient 0.90).
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Figure B-12: 2PFM images from excitation at 1000 nm of HCT 116 cells with DC-DPC-PPh3 (1 uM, 4
h). (a) DIC, (b) two-photon fluorescence image, exciting at 1000 nm, (c) overlaid image of panel b and
one-photon fluorescence image of Lysotracker Red, and (d) fluorescence intensity distribution through
green line in panel c (Manders’ colocalization coefficient 0.95).
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Figure C-1: Cell viability of COS 7 (gray) and HCT 116 (red) cells with DDC.

Figure C-2: Colocalization images of COS 7 cells incubated with DDC (20 μM, 2 h) and LT Red (100
nM, 2 h). (a) differential interference contrast (DIC) image, (b) one-photon fluorescence image of DDC,
(c) one-photon fluorescence image of LT Red, (d) overlaid image of b and c, (e) overlaid image of a, b,
and c (Pearson’s correlation coefficient 0.91). 20 μm scale bar
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Figure C-3: Colocalization images of COS 7 cells incubated with DDC (20 μM, 2 h) and LT Red (100
nM, 2 h). (a) DIC image, (b) two-photon fluorescence image of DDC, (c) one-photon fluorescence image
of LT Red, (d) overlaid image of b and c, (e) overlaid image of a, b, and c (Pearson’s correlation
coefficient 0.96). 20 μm scale bar
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Figure C-4: Images of HCT 116 cells incubated with DDC (10 μM, 4 h) and LT Red (100 nM, 2 h). (a)
DIC image, (b) one-photon fluorescence image of DDC, (c) one-photon fluorescence image of LT Red,
and (d) fluorescence intensity profile of region of interest (ROI, white line) in (b) and (c); DDC (green)
and LT Red (red). 50 μm scale bar
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Figure C-5: Particle size distributions of (a) SDC-SNP in water and (b) RGD-SDC-SNP in water.
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